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This work is motivated by the Variable Specific Impulse Magnetoplasma Rocket 
(VASIMR) experiment.  This device uses a helicon antenna to generate a plasma inside a 
dielectric tube, which is radially confined and directed towards the rocket nozzle by an 
axial magnetic field.  An ion cyclotron heating antenna further heats the ions, and a 
magnetic nozzle accelerates the plasma along the confining magnetic field as it leaves the 
rocket, ultimately allowing it to detach from the magnetic field and produce thrust.   
The experimental research presented here provides insight into the physical 
mechanisms of power flow in a helicon system by providing an overall system power 
balance in the form of heat flux measurements, and exploring changes in the heat fluxes 
in different parts of the system in response to varying operational parameters.  An 
infrared (IR) camera measures the total heat flux into the dielectric tube surface, and 
axially scanned bolometer and UV photodiode probes measure the radial power loss from 
particles and radiation.  Results from IR camera measurements on three different helicon 
systems are presented: the VASIMR VX-50 experiment, the VASIMR VX-CR 
experiment, and the University of Texas at Austin (UT) helicon experiment.  These 
results demonstrate the development of the IR camera diagnostic for use on helicon 
systems of varying scale and geometry, and show reasonable agreement as to the fraction 
 vii 
of input power lost to the dielectric tube walls.  On the UT experiment, the results 
presented account for essentially all of the input power, providing a full system power 
balance.  The data from all three experiments indicate that radial transport of ions to the 
interior wall is the dominant mechanism of power loss, with UV radiation contributing a 
small percentage. 
Additional experiments on the UT helicon explore energy and particle transport to 
the wall due to capacitive coupling of ions near the antenna.  These experiments show 
clear damage to the dielectric tube surface directly under the antenna, due to physical 
plasma etching of the surface by bombarding ions that are accelerated into the wall by 
local electric fields from the antenna. 
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Chapter 1 
Introduction 
 1.1  BROAD OVERVIEW 
 
In the research presented here, the broad objective is to study the thermal energy 
transport to the bounding surface in a helicon plasma, and to determine an overall power 
balance in the system.  The research seeks to provide insights into the thermal heating 
phenomena in the Variable Specific Impulse Magnetoplasma Rocket (VASIMR) 
experiment.  Formerly a NASA project, VASIMR is now operated by the independent 
laboratory group, Ad Astra Rocket Company in Houston, TX and Liberia, Costa Rica.  
The VASIMR is a space propulsion device which uses RF waves from a helicon antenna 
to generate plasma, which is then accelerated by another wave at the ion cyclotron 
frequency and by the action of a magnetic nozzle, thus creating thrust.     
Helicon plasma sources have been studied and used by numerous groups as 
efficient plasma sources[1-20], producing densities of order 1011 to 1013 cm-3.  Helicons 
are characterized by highly non-uniform plasma density profiles with density peaks near 
the center axis of a cylindrical discharge.[8, 17, 21]  Recent theoretical and computational 
works[9, 10, 22-24] have led to great insight on the physical mechanisms of power 
deposition to the plasma from helicon antennas.   Detailed experimental measurements of 
power losses from the plasma, in order to provide an overall system power balance, have 
however been lacking.   This thesis describes experimental studies performed on three 
significantly different helicon systems, which quantify the power losses from all 
significant parts of a helicon system and distinguish the relative contributions of the 
different physical mechanisms which carry energy out of the plasma. 
In a traditional (chemical) rocket, fuel and oxidizer are mixed together and 
burned.  Energy is released from the combustion reaction, which heats the propellant 
gases.  The hot gases accelerate as they expand through a nozzle and exit the rocket, thus 
creating thrust.  Such a system is fundamentally limited by the finite amount of energy 
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stored in the chemical bonds which can be released through the combustion reaction.  
The VASIMR is an electric propulsion (EP) device, meaning that the energy is delivered 
to the propellant by an external electric power supply, rather than from a chemical 
reaction in the fuel.  This means that there is no theoretical limit to how much energy can 
be added to the propellant.  The EP classification includes many types of thrusters in use 
today such as ion thrusters, hall thrusters, magnetoplasmadynamic (MPD) thrusters, 
pulsed inductive thrusters, and plasma thrusters. [25]  Electric propulsion devices 
generally have low thrust and high specific impulse. 
Specific impulse (Isp) can be thought of as a measure of the fuel efficiency of a 
rocket engine.  Expressed in units of seconds (s), it is defined as thrust per unit mass flow 
rate of fuel ( m ), divided by the standard acceleration due to gravity on Earth (g):  
gm
FI thrustSP 


     (1.1) 
The higher the specific impulse, the more energy a spacecraft can gain with a given fuel 
load, or the lighter a spacecraft can be with a given final velocity.  A typical chemical 
rocket (such as the space shuttle main engine) has a specific impulse of 300-500s.  In the 
VASIMR laboratory, measurements have estimated levels of specific impulse at around 
10,000s.  Values of as high as 30,000s are possible with light gases such as hydrogen.  
This is significantly greater than that achieved by ion thrusters, which usually have Isp 
values of 3000-4000s.  High values of specific impulse mean that a spacecraft bound for 
a remote destination in the solar system (such as Mars) could carry much less fuel and 
make the trip in much shorter time.  This high specific impulse comes at the cost of high 
power needs to operate the thruster.  For example, a VASIMR-type device delivering 
thrust on the order of 1N of thrust at specific impulse values of around 10,000s would 
require a power input of order 100kW.  For near-Earth or near-sun missions, such as Low 
Earth Orbit (LEO) station keeping or satellite maneuvering, the solar flux is strong 
enough that solar panels could be used to generate the required power.  However, for 
deep space missions of large spacecraft to other planets far from the sun, a high-output 
onboard power supply must be used, such as a nuclear reactor.  Spacecraft design is, in 
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general, an optimization process between mass and power.  The VASIMR thruster 
concept represents a low mass, high power option.   
 As the name implies, the VASIMR engine is capable of variable specific impulse.  
By adjusting various parameters, the thrust can be increased at the cost of decreasing Isp 
and vice versa.  This is useful for orbital maneuvering or for a spacecraft which 
encounters several different mission phases.  For example, in the vicinity of a planet, the 
thrust can be increased to obtain the acceleration needed to quickly break out of the 
gravitational field.  While traveling through deep space, the engine could be adjusted for 
lower thrust and higher specific impulse for more efficient cruise.  Like all electric 
propulsion devices, the VASIMR is a low thrust rocket.  It is strictly for space use, and 
cannot develop enough thrust for launch from the Earth’s surface.  Other uses for the 
rocket include space station reboost and satellite orbit keeping and maneuvering. This 
ability to vary specific impulse and thrust with constant power is unique to the VASIMR 
concept, and provides an advantage over other types of electric propulsion devices.   
 Another potential advantage of the VASIMR thruster is the ability to obtain high 
power density levels in the rocket.  In many other types of electric propulsion devices, 
such as ion thrusters and Hall effect thrusters, the amount of power than can be put into 
the rocket which goes into thrust is limited by the physical nature of the devices.  For 
example, in an ion thruster, the propellant gas is ionized and then the ions are accelerated 
electrostatically by a grid which is charged to a very high negative potential.  This grid 
creates an electric field which pulls the ions towards the negative potential.  To increase 
the output of the rocket, the grid is charged to a higher voltage and more gas is put into 
the system and ionized.  However, as more and more positively charged ions enter the 
system, they begin to shield one another from the accelerating charge of the grid.  Thus 
not all of the ions will “see” the full electric field and many will not accelerate properly.  
This phenomenon is known as space charge limitation and places an upper bound on the 
ion density, and thus the power density, of the rocket.  To compensate for this, and to 
obtain the maximum thrust possible, ion thrusters use heavy gases such as Xenon as the 
propellant.  These propellants are rare and expensive, making them unattractive for large 
 4 
spacecraft which need large amounts of propellant.  In the VASIMR thruster, ions are 
accelerated by electromagnetic waves and the action of a magnetic nozzle.  In this 
configuration, much higher ion and power densities are possible, making VASIMR 
thrusters more attractive for larger spacecraft.  Furthermore, less expensive and more 
readily available propellant gases such as argon and hydrogen can be used to obtain high 
performance. 
 Specific Impulse is directly related to the exhaust velocity of the propellant 
leaving the rocket nozzle.  To obtain high exhaust velocities, the VASIMR engine 
operates as shown in Figure 1.1, courtesy of Ad Astra Rocket Company.  The propellant 
gas is injected into the end of a dielectric (quartz) tube, which contains the gas until it can 
be ionized.  As the gas passes under the helicon antenna, radio frequency (RF) waves 
heat the electrons to ionize the gas atoms and create a plasma.  The charged particles 
(ions and electrons) in the plasma are now affected by the magnetic field created by the 
solenoid coils surrounding the core.  The particles follow the magnetic field lines, which 
run parallel to the machine axis, and the magnetic field contains the particles in the radial 
Figure 1.1. VASIMR components 
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direction.   
As the ions and electrons follow the field lines, they travel in cyclotron motion 
and orbit the field lines at the cyclotron frequency (eB/mc, where e is the electron 
charge, B is the magnetic field strength, m is the particle mass, and c is the speed of light 
in vacuum).  Cyclotron motion, or gyromotion, exists when moving charged particles 
encounter an externally applied magnetic field.  The magnetic field causes the path of the 
particles to bend into circular orbits in the plane normal to the field.  Motion in the 
direction parallel to the field is unaffected.  The result is that charged particles follow 
spiral trajectories following the magnetic field lines.  At stage 5 in the figure, an ion 
cyclotron resonance heating (ICRH) antenna adds more energy to the particles to further 
increase their kinetic energy.  The frequency of this antenna is tuned to the cyclotron 
frequency of the ions and thus adds energy directly to the heavier ions (in addition to the 
electrons), therefore adding energy that will eventually go primarily into thrust.  Adding 
energy at this stage increases the velocity of the ions in the azimuthal direction, 
perpendicular to the magnetic field, which will be converted to axial velocity later at the 
nozzle stage.  This type of antenna is used frequently in fusion plasma studies to heat ions 
to a very high temperature.   
The final stage in the rocket is a magnetic nozzle, in which diverging magnetic 
field lines convert orbital (azimuthal) momentum of the particles circling the field lines 
into axial momentum, which generates thrust.  [3, 13, 26, 27] As the ions accelerate under 
the action of the magnetic nozzle to speeds exceeding the Alfven velocity, they separate 
from the magnetic field and leave the rocket, thus imparting their momentum to the 
rocket and providing thrust.  [28] 
 The research presented here is concerned only with the plasma production stage 
of the VASIMR experiment.  This region contains the gas inlet, helicon antenna, and 
dielectric tube.  In the vicinity of the helicon antenna, there is considerable heating of the 
quartz tube under all operating conditions.  As experimental helicon power levels 
increase towards flight-like conditions, this heating becomes a serious problem, 
preventing steady-state operation of the helicon with the consequence of melting the 
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quartz tube or the antenna, causing catastrophic failure.  Furthermore, this large heat load 
represents a large portion of input energy that is wasted in the form of heat, rather than 
going into thrust for the rocket.   
 The mechanism by which this heat flows from the plasma to the dielectric tube 
surface is not well understood.  There are two primary channels by which this is possible: 
radiation and particle bombardment.  Energy leaves the plasma through radiation when 
an ion or a neutral atom is raised to an excited state, usually through a collisional process 
with an electron, then falls back to a lower energy state, releasing a photon in the process.  
This photon can leave the plasma and strike the wall, depositing its energy to the surface 
if the wall is opaque to light at the photon’s wavelength, or pass through if the wall is 
transparent at that wavelength.  In much of the plasma physics community, this 
mechanism is believed to dominate the radial energy transport.   
 Energy can also flow out of the plasma through particle bombardment of the 
walls.  This happens when a particle (ion or neutral) diffuses out of the plasma and 
collides with the wall, depositing some of its kinetic energy into the surface.  In the case 
of an ion, the particle can also deposit its recombination energy, an amount of energy 
equal to the ionization energy of the ion.  This energy is lost as the ion and an electron 
from the wall recombine to form a neutral atom, which is an exothermic process.  For 
argon, the recombination or ionization energy is 15.8eV, which is much larger than the 
likely temperature of the ions of less than 1eV.  Therefore most of the energy deposited 
to the wall by bombarding ions is from recombination.  The work presented in this 
dissertation will show that radial ion transport is the dominant mechanism of power loss, 
with radiation contributing a small amount. 
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In order for ions to strike the wall of the dielectric tube, they must travel across 
the axial magnetic field lines which ideally should confine them from radial motion.  This 
can happen in one of three ways.  The most well understood mode is by classical 
diffusion, illustrated by the cartoon in Figure 1.2. [26]  The physical picture for this is the 
following: an ion begins by orbiting a field line in cyclotron motion within the core of the 
plasma.  A collision with another ion or neutral particle knocks the ion out of its orbit and 
onto another field line, which may or may not be closer to the plasma edge.  Further 
collisions push the ion to other field lines, possibly farther from the core.  On average, the 
ion will move via these collisions away from the dense core and towards the wall until it 
eventually strikes the wall.   
The second mode by which cross-field diffusion can occur is through turbulence 
or Bohm diffusion, in which rapid fluctuations in local plasma parameters such as electric 
fields accelerate the cross-field transport of charged particles.  This phenomenon is not 
well understood, but has been observed in fusion experiments and can be calculated as an 
upper bound to cross-field particle flux in tokamaks and other high temperature plasma 
devices. [29]   
The third mechanism by which cross-field transport can occur is by capacitive 
coupling of ions to the antenna.  This is only possible in the sheath region very close to 
the wall in the vicinity of the antenna where electric fields are potentially very high.  Ions 
experience an electrostatic force due to the high voltage (100-600V) of the antenna and 
Figure 1.2.  Cartoon showing mechanism of classical diffusion 
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accelerate towards it, impacting the wall at high velocities.  This phenomenon is likely 
responsible for the etching of dielectric tubes observed in some helicon experiments.  It 
has been shown [15] that at very low power levels, a helicon antenna can operate in a 
predominantly capacitive mode.  As the power level increases, the plasma transitions to 
an inductively coupled mode, then finally to the desired high-density helicon wave mode.  
According to [30], the modes seen at lower powers do not disappear as the higher-power 
modes take over, but rather the fraction of power transferred to the plasma by these 
modes is small compared to the high-density helicon mode plasma.  Therefore, it is likely 
that capacitive coupling does not play any significant role in the overall power deposition 
into the helicon plasma, but may play an important role in the localized heating of the 
bounding surfaces (dielectric tube). 
 
The objectives of the research presented here are: 
1) To identify and quantify the mechanisms by which power flows from the plasma 
to the wall. 
2) To demonstrate an overall power balance by experimentally accounting for the 
outflow of all input power to the helicon antenna. 
3) To develop the practical diagnostic tools necessary to achieve goals 1 and 2. 
 
To achieve these goals, we have performed experiments on the VASIMR VX-50 
experiment at Ad Astra Rocket Company in Houston, TX, the VASIMR VX-CR 
experiment at the Ad Astra Rocket Company branch in Liberia, Costa Rica, and the 
University of Texas at Austin (UT) helicon experiment in Austin, TX.  We have 
measured the heat flow out of all parts of a helicon system at UT to demonstrate overall 
power balance.  We have successfully developed a method to use an infrared (IR) camera 
to measure the heat flux out of the dielectric tube of a helicon experiment and have 
demonstrated its use on both VASIMR experiments and the UT helicon.  We have also 
developed a novel probe design called SPIDR (Simultaneous Probe for Ion Diffusion and 
Radiation), which measures the radial heat flux from the plasma in locations downstream 
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of the dielectric tube, as well as local plasma parameters.  This probe contains diagnostics 
to measure both the total radial heat flux and the radiation-only component of the radial 
heat flux, thus distinguishing between and quantifying the two mechanisms of energy 
transport. 
 
1.2  DOCUMENT ORGANIZATION 
 
 The remainder of this document is organized as follows.  The remainder of this 
chapter contains a literature review of pertinent work by previous authors.  Chapter 2 
describes a set of experiments performed on the VASIMR VX-50 experiment at Ad Astra 
Rocket Company in Houston, TX.  This set of experiments served as the primary proving 
ground for the initial development of the IR camera diagnostic tool for use on the helicon 
dielectric tube.  These experiments also revealed some important preliminary results 
about the physics of the energy transport from the plasma to the tube surface in the 
hellion region.  Chapter 3 describes a smaller but similar set of experiments performed on 
the VX-CR experiment at Ad Astra Rocket Company in Liberia, Costa Rica.  These 
experiments support the results from the Houston experiments and show an alternate 
method to employ the IR camera to look directly at the dielectric tube inner surface.  
These experiments also introduce the use of a bolometer probe to measure heat flux 
leaving the plasma in regions away from the dielectric tube.  Chapter 4 describes 
experiments performed on the much smaller University of Texas at Austin helicon 
experiment.  These experiments employ the IR camera and bolometer diagnostics, along 
with photodiodes to obtain a complete power balance in the discharge.  This chapter also 
describes the dominant physical mechanisms of power transport as energy leaves the 
plasma.  Chapter 5 explains the observed capacitive coupling phenomenon in the helicon 
antenna and shows results of an experiment performed on the University of Texas at 
Austin helicon to measure the etching of the dielectric tube caused by capacitive coupling 
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of the antenna.  Chapter 6 contains concluding remarks of the experimental findings and 
their implications to creating a workable thruster. 
1.3  LITERATURE REVIEW 
1.3.1  VASIMR 
1.3.1.1  Thermocouple diagnostics  
Previous helicon heat flux studies have relied primarily on thermocouples to 
measure heating of the dielectric tube.[27, 31-33]  Ad Astra Rocket Company, which was 
formerly part of NASA/ Johnson Space Center and called the Advanced Space 
Propulsion Lab (ASPL), has studied the issue of dielectric tube heating in the helicon 
source region for several years.  Reference [27] mentions briefly some early work from 
the VX-10 laboratory experiment.  In this experiment, 10 thermocouples were cemented 
using Resbond® ceramic adhesive to the quartz tube outer surface.  These thermocouples 
recorded temperature rises during pulsed operation of the discharge.  To calculate the 
power delivered into the tube during these shots, the tube mass was divided into large 
nodes, with each node centered about a thermocouple and assumed to have a uniform 
temperature equal to that measured by the thermocouple.  The power was calculated from 
the equation: Q=mCpT/t , where Q is the power lost as heat into the node being 
calculated, m is the mass the quartz associated with the node, Cp is the quartz specific 
heat capacity, and T is the temperature rise in time interval t.   
These thermocouple measurements suffer from the major flaw that they cannot 
capture the non-uniformities of the heating profile.  Because quartz is a poor heat 
conductor and the heating profile in likely to be highly non-uniform in the vicinity of the 
antenna, the assumption of uniform temperature at each node can lead to large errors in 
the total heat power loss calculation.  Furthermore, we expect to see the greatest heating 
very close to the antenna, a region in which thermocouples cannot be placed because of 
destructive RF power coupling onto them.  Not only does this inhibit our ability to 
accurately calculate the total heat, but it also prevents any accurate estimation of the 
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maximum heat flux values, which will become important for the tube structural integrity 
as power levels increase and therefore tube temperatures approach the tube material 
melting point. 
1.3.1.2  Exhaust heat flux  
Chavers et.al. [32] performed measurements of the heat flux in the exhaust plume 
of  the VX-10 experiment, in addition to their primary work of estimating the rocket 
thrust.  They measured the energy deposited into a disc-shaped target placed in the 
exhaust plume, normal to the flow.  Thermocouples attached to the backside of the target 
plate measured the temperature rise, and the heat flux equation again calculated the 
power.  These measurements were used to infer information about the upstream plasma 
conditions. 
Thermocouples have also been used to measure wall heating in other thruster 
designs.  In reference [33], thermocouples measure the wall temperatures and allow the 
estimation of wall heat flux in a pulsed plasma thruster.  Unlike a helicon device, 
however, this thruster does not suffer from large spatial non-uniformities, thus we expect 
the thermocouple data to be reasonably accurate and useful for calculating total heat 
delivered to the walls. 
 
1.3.2  Other helicon heat flux measurements 
Oustide of the VASIMR research group, very little work has been performed to 
experimentally determine the heat flux leaving a helicon discharge.  In 2002, Charles, 
Boswell, and Lieberman [31] performed a series of experiments to determine a system 
energy balance using a “helicon type” antenna with an argon discharge.  These 
experiments utilized a double saddle antenna geometry over a 6cm diameter Pyrex tube, 
which was operated at low powers (~160W) without an external magnetic field.  The 
antenna operated in capacitive mode at essentially steady-state with respect to time 
(temperature saturation of the tube surface temperature readings).  A single thermocouple 
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located on the glass tube surface close to the antenna measured the temperature of the 
Pyrex tube.  Power deposition onto the tube surface was calculated based on the initial 
unsteady linear temperature rise of this thermocouple and the thermal capacity of the 
entire Pyrex tube from the formula Q=mCpT/t, where m is the mass of the entire tube.  
The heat was also calculated from the radiated energy from the tube external surface to 
the surrounding at the steady-state temperature, assuming a uniform tube temperature at 
the thermocouple reading.  As pointed out in the paper, this measurement is prone to 
error because the tube heating is likely to be non-uniform and the glass material is a poor 
conductor.  However, this experiment represents the only published attempt (known to 
the author) outside of the VASIMR group to directly measure the heat flux out of a 
helicon-type discharge geometry.  The results from the experiment showed 
approximately 35W or about 22% of the total input power deposited into the Pyrex.  The 
authors concluded that this heating was due mainly to acceleration of ions into the wall 
by the high voltage antenna and secondary electron emission from the wall due to these 
impacts.  
In the previous paragraphs, it was stated that we expect the heating profile to be 
highly non-uniform.  Apart from our own experimental observations, two groups have 
performed experiments which support this notion.  [16, 21].  In both experiments, CCD 
cameras mapped the optical radiation from the argon ion emission line at 480nm.  This 
emission increases with both ion density and electron temperature.  Thus, bright regions 
indicate hot, dense regions which radiate more powerfully and contain more energetic 
particles which can carry energy away.  The results from both sets of experiments show 
great spatial non-uniformities in the emission, with hot spots in the vicinity of the walls 
near the antenna under certain conditions.  We can therefore expect these regions to 
deliver more heat to the walls. 
1.3.3  Other plasma heat flux measurements 
In the nuclear fusion community, a number of diagnostic tools have been used to 
measure various temperature profiles and heat flux distributions in tokamak experiments. 
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Figure 1.3.  Poloidal cross section of the Tokamak de Varennes showing 
field of view of bolometers. [36]   
[34]  These include the use of calorimeters, photodiodes, bolometers, emission 
spectroscopy, and laser interferometery.   
1.3.3.1  Bolometers 
One of the most widely used tools is the bolometer, which measures radiative 
energy loss from the edge of a plasma.  In its simplest form, a bolometer consists of a 
sensor made from a piece of material, usually metal, of known thermal and optical 
properties, along with a device to measure the temperature of the material.  Common 
temperature measurement devises are thermistors and thermocouples.  Incident energy, 
usually in the form of radiation or hot particle bombardment, heats the sensor.  The 
recorded temperature rise and the known material properties are used in the heat equation 
to determine the power reaching the sensor.  In tokamaks, bolometers are usually used to 
measure radiation losses, but in general they are sensitive to any source of incoming 
energy that the sensor can absorb.   
References [35, 36] describe typical bolometer use in tokamaks.  An array of 
bolometer detectors made from metal foil with thermistors “sees” the plasma from just 
outside the edge along many different chords (one for each element of the array).  Figure 
1.3 from reference [36] shows the layout of such a system.  Each detector measures the 
incoming radiation from a particular region of the plasma, thus allowing some degree of 
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spatial resolution in terms of which plasma regions radiate more strongly.  An inversion 
calculation is then performed [35], to determine the local plasma conditions at locations 
along each detector element viewing chord.   
Another type of bolometer-based diagnostic was described by Protasov in 2002 
[37].  This device incorporated a single bolometer encased in a housing behind a metal 
grid, which could be electrostatically biased to repel charged species.  Thus, the detector 
could be used to find the relative contribution of charged particles in certain energy 
ranges to the overall heat flux, or to determine the energy distribution function of the 
particles.  In a highly ionized plasma, where essentially no neutral particles exist, such a 
sensor could be used to screen all the ions from the detector, leaving only radiation to 
heat the bolometer.  In this manner, this sensor could determine the relative contributions 
of radiation and ion bombardment to the total energy flux out of the plasma. 
1.3.4  IR camera 
1.3.4.1  Imaging Bolometer 
A recent improvement on the foil bolometer/ thermistor array is the infrared 
imaging bolometer [38-44].  This diagnostic tool works under the same principle as the 
multi-channel foil bolometer array, but the array of 
discrete elements and thermistors is replaced by a 
large foil sheet.  An infrared camera views the 
backside of the foil and records the evolving 
temperature profile of the foil.  The foil sheet 
usually resides inside a metal tube with a small 
aperture at the front.  The device thus operates in the 
same manner as a pin-hole camera, with the foil in 
place of the film.  Figure 1.4 from reference [43] 
shows a diagram of such a device.  Figure 1.4.  Infrared imaging 
bolometer [43]  
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1.3.4.2  Wall heating 
The imaging bolometer is used to detect radiation flux out of the bulk plasma.  
However, infrared cameras have been used elsewhere in plasma applications for more 
direct measurements of solid surface temperatures.  References [45, 46] describe the use 
of IR cameras to look directly at tokamak walls in regions of interest to determine the 
wall temperature profiles and therefore the heating profiles.   
Reference [47] describes the use of infrared cameras on the Tore-Supra Tokamak.  
In this system, several externally-located IR cameras view the interior walls through a 
system of mirrors mounted inside of several endoscopes inserted into the vacuum 
chamber. 
1.3.4.3  Calorimeter 
IR cameras have also been used in conjunction with calorimetery to probe the 
interior of tokamak plasmas.  Fuentes et. al. [48] inserted a movable anisotropic probe 
into a neutral beam entering the plasma.  An external IR camera measured the 
temperature rise of the probe surface through an IR-transmissive window.  Since the 
thermal properties of the probe were known, the heat flux delivered to the probe was 
determined by the temperature data.  As the probe was moved and tilted with respect to 
the beam, the changes in heating rates were recorded.  From this, the researchers 
determined the local 2D heat flux distributions of the neutral beam. 
1.3.4.4  Hall Effect Thrusters 
In recent literature [49, 50], Mazouffre et. at. used an infrared camera to 
determine heating rates in the interior thruster channel walls of Hall Effect Thrusters 
(HET’s).  In a HET, the thruster channel is annular in shape and operates at high 
temperatures (up to 1100K in these references).  The researchers used a semi-empirical 
model of the heating rate, taking into account radial conduction and radiation via 
geometrical view factors for the annular shape to calculate the heat loads.  They studied 
how these heat loads varied with operational parameters of the thruster, including power, 
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propellant flow rate, wall material, and thruster design.  Their results showed that the 
wall heating mechanism is likely dominated by ion wall bombardment. 
Recent work[4, 51] has shown the value of IR cameras and bolometer probes for 
helicon systems.  The camera has the advantage that it provides a two dimensional 
temperature map and can measure regions close to the helicon antenna, where 
thermocouples cannot be placed. 
 
1.3.5  Photodiodes 
Another diagnostic instrument which has proved useful for measuring plasma 
radiation is the photodiode.  These devices, mostly made from doped silicon, are sensitive 
to incoming photons and high-energy charged particles.  They work by creating one or 
more electron-hole pairs upon the impact of an incident photon, which thereby induces a 
detectable electrical current.  Modern photodiodes can be sensitive to photon energies 
from the visible through the near X-ray ranges.  Their sensitivity to photons and energetic 
charged particles, but not to neutrals, makes them ideal for use in conjunction with 
bolometers to isolate energy fluxes due to hot neutrals exiting the plasma [52].  While 
sensitive to energetic charged species, most modern photodiodes are manufactured with 
an oxide coating over the silicon detector.  This coating blocks low energy particles, with 
energies <~ 100eV [53].  In a typical helicon discharge, ion and electron energies are 
much lower than this threshold.  This makes the silicon photodiode an attractive prospect 
for isolating the radiation component of the plasma heat flux.  For this reason, we employ 
the use of a silicon photodiode to measure the absolute power due to radiation from the 
plasma. 
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1.4  IR CAMERA DIAGNOSTIC FOR HELICONS 
In order to measure the heat flux from the plasma in the vicinity of the helicon 
antenna, we have developed a method involving infrared thermography.  In this 
technique, an IR camera views the outside surface of the dielectric tube in a helicon 
system and measures the time-dependent temperature at all visible locations on tube 
surface.  We tested this system and recorded data from the VASIMR VX-50 experiment, 
VASIMR VX-CR experiment, and the University of Texas at Austin (UT) helicon 
experiment.  The details and results of these tests will be presented in the following 
chapters. 
Although the geometries of the three experiments differ, all employ the same 
basic method for calculating the heat flux from the IR camera temperature data.  In all 
experiments presented here, the helicon operates in pulses ranging from 3 to 10 seconds.  
A MATLAB algorithm performs the calculation to extract heat flux values from raw IR 
data.  The calculation of heat flux for a single pulse proceeds as follows: 
1) IR images (temperature maps) are recorded immediately before the pulse and 
approximately 2 seconds after the pulse.  The 2 second delay allows sufficient 
time for the heat deposited on the inner tube surface by the plasma to diffuse to 
the outer surface and equalize the temperature through the tube wall thickness. 
2) The two images are subtracted, providing a new image that represents a map of 
the temperature rise (T) at every pixel. 
3) Based on the geometry of the system and the viewing angle of the camera, the 
algorithm calculates the tube outer surface area associated with each pixel of the 
image.  Based on the known tube thickness and material density, it then calculates 
the mass of the tube material associated with each pixel. 
4) The algorithm uses the previously determined values to plug into equation 1.2 to 
find the power delivered at each pixel location required to raise it the observed 
T.  Here, Q is the power delivered to the tube wall at each pixel, m is the mass of 
the tube wall associated with the pixel, Cp is the dielectric tube material specific 
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heat, and t is the plasma pulse length.  The heat flux at each pixel (W/cm2) is 
then found by dividing the power by the area associated with each pixel. 
t
TmC
Q p


                                                      (1.2) 
 
This analysis neglects axial and azimuthal heat conduction in the tube walls, and 
assumes that all power leaving the plasma radially is absorbed by the tube walls.  Section 
4.1.3.1 in Chapter 4 will specifically address the validity of these assumptions based on 
theoretical calculations and experimental data taken on the UT helicon experiment.   
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Chapter 2 - VASIMR VX-50 Experiments 
 
 This chapter describes a set of experiments performed on the VASIMR VX-50 
experiment at Ad Astra Rocket Company in Houston, TX.  In these experiments, we use 
an infrared camera to view the outer surface of the dielectric tube and measure the spatial 
distribution of the tube heating from the plasma.  We measure this heating in response to 
changes in operational parameters of the rocket in order to gain insight into the heating 
trends and the underlying physical mechanisms responsible for the energy transfer.  The 
operational parameters studied included magnetic field strength, magnetic field profile, 
magnetic mirror ratio, gas flow rate, and RF power applied to the helicon.  Neon and 
Argon served as the propellant gases in these experiments. 
2.1  EXPERIMENTAL SETUP 
Figure 2.1 shows a diagram of the VX-50 experiment, without the optics for the 
IR camera.  This figure is repeated from the introduction chapter for clarity here.  The 
setup shown is accurate to the experiment, with the exception that the ICRH antenna is 
not installed for our experiments, and magnet 4 (the magnet farthest downstream) is not 
installed.  This magnet normally exists to trim the shape of the field in the downstream 
magnetic nozzle region to avoid impingement on the vacuum chamber wall as the plasma 
expands out of the nozzle.  The discharge exhausts into a 5m3 vacuum chamber, in which 
vacuum is maintained by diffusion pumps and cryopumps.   
In the helicon region, the quartz tube is 9cm in diameter, and the antenna has 
dimensions 10cm long x 9.5cm diameter.  The right-hand, half turn, copper antenna is 
water-cooled and is mounted with a small vacuum gap separating the coils from the 
quartz tube surface.  It has no additional coating to separate it from the tube surface, or 
mechanical spacers to ensure the uniformity of the spacing.  As a result, the antenna is 
not precisely centered on the tube.  We will discuss the importance of this near the end of 
this chapter.  The right-hand helicity of the antenna is such that the m=+1 wave is 
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launched parallel to the magnetic field in the downstream direction, creating a long blue 
core downstream[17]. 
Approximately 20cm downstream of the antenna, the quartz tube tapers to 5cm 
diameter.  This tapered section acts as a choke for the neutral gas to keep the pressure 
high enough to maintain an efficient helicon discharge.  Argon and Neon serve as the 
propellant gases in our experiments.  The gas is delivered upstream of the quartz tube 
through a stainless steel ¾” diameter vacuum hose.  An MKS model 1479A mass flow 
controller (MFC), controlled by a stand-alone power supply/ controller, controls the gas 
flow rate.  No RF interference problems were encountered with this system.  The MFC 
also measures the flowrate, and transmits this data to a National Instruments DAQ system 
on a PC, where a LabView VI records the flowrate data.  Flowrates varied from 300 to 
1100 sccm for these experiments.  
Three solenoids (shown in Figure 2.1) create an axial DC magnetic field, which 
points towards the downstream direction.  Each magnet is powered by an independent 
power supply, and thus can operate at a different current than the other magnets to alter 
Figure 2.1. VASIMR components 
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the shape the magnetic field.  For our experiments, the coils operate at currents between 
100 Amperes (A) and 600A for magnets 1 and 2, and 940A to 2400A for magnet 3.  This 
corresponds to a magnetic field strength at the helicon between 0.121 Tesla (T) and 0.321 
T and between 0.5 T and 1.3 T at the highest point under magnet 3.  The high current/ 
field capability of the third coil provides the tight plasma column and fast ion cyclotron 
frequency necessary for efficient coupling of energy from the ICRH antenna.  At the 
nominal operating current ratio, the narrowing field lines as they approach the high field 
region under the third coil follow the shape of the quartz tube taper, in order to avoid 
field line impingement on the tube surface, which could carry particles directly into the 
wall.  Although the ICRH antenna was not installed in our experiments, the third magnet 
coil still operated.  Appendix A contains magnetic field contour plots and axial field 
strength graphs for the different magnetic field configurations used in our experiments. 
An RF generator and amplifier deliver RF power at 13.56MHz to the helicon 
antenna through a dual-capacitor match network.  The matching network exists to match 
the electrical impedance of the RF power source and transmission lines to that of the 
antenna, to obtain maximum power transfer and minimize power that is reflected back to 
the source.  Figure 2.2 shows a circuit diagram of the match network, including the 
antenna and RF power supply.  The match network consists of two variable vacuum 
capacitors: one in series with the high voltage side of the RF generator and the antenna, 
and the other in parallel to ground.  The capacitance values of the two capacitors can be 
Figure 2.2.  Circuit Diagram of mathing network 
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varied to change the total load impedance at the RF frequency of the antenna and match 
network to match the impedance of the 50 Ohm RF amplifier and cable.  The VX-50 
matching network is fully enclosed in a ¼” thick aluminum box which is grounded to the 
transmission cable shield on the input side, and to the vacuum chamber on the output 
side.  We believe that in this configuration, RF currents are able to easily pass through the 
aluminum box, thus allowing the entire matching network to appear from the outside as a 
continuous coaxial cable and virtually eliminating RF radiative losses.  This was 
confirmed by measurements with a Narda model 8712 RF survey meter with a model 
8761D electric field probe, which measured negligible RF fields outside of the box. 
We measure the RF power transmitted to the plasma using a directional coupler 
on the transmission line between the RF matching network and the antenna.  The signal 
from the coupler has both a forward and a reflected wave power component, the 
difference of which we assume to be the absorbed RF power into the plasma.  RF power 
levels ranged from 5kW to 18kW for our experiments. 
The infrared camera used in these experiments is an Inframetrics (now owned by 
FLIR) model 600, sensitive to wavelengths between 7 and 14 m.  The camera has an 
HgCdTe microbolometer detector array that is cooled by an onboard liquid nitrogen 
reservoir.  The detector array has a resolution of 256 x 200 pixels, with a temperature 
resolution of 256 levels.  The temperature range is adjustable from 10C to 200C.  All data 
in our experiments were taken using a range of either 100C or 200C, giving a temperature 
resolution of approximately 0.4C or 0.8C, respectively.  The camera has a scan rate of 
4kHz in the horizontal direction and 60Hz in the vertical direction.  The camera outputs 
the data in 640 x 480 pixel EIA RS-170 monochrome video format at 30 frames per 
second, and this data is digitally captured by a National Instruments IMAQ PCI-1411 
video capture card and data acquisition Virtual Instrument in LabView.  The start of data 
acquisition is triggered at a known time (either 1.8s or 2.0s) before the start of the RF 
pulse for each shot, to ensure the capture of the RF start on video. 
  In the VASIMR VX-50 experiment, the entire quartz tube and helicon antenna 
are contained within the vacuum chamber.  This makes infrared optical access 
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challenging, as direct line-of-sight viewing of the region is not possible.  To allow the 
camera to view the helicon region of the quartz tube, we employed an IR-reflective 
mirror (gold deposited via physical vapor deposition onto a glass substrate) and an IR-
transmissive window (zinc selenide).  Figure 2.3 shows a diagram of the experimental 
setup used to allow the IR camera to view the helicon region of the quartz tube.  Refer to 
Figure 2.1 for a diagram of the entire VX-50 system.  As the figure shows, the light 
carrying the image of the helicon antenna area reflects off of the mirror and passes 
through the window to the lens of the IR camera, which is located outside of the vacuum 
chamber, looking through the window.  The effective view of the helicon with this 
system is essentially from the mirror location, and is therefore highly oblique with respect 
to the tube surface.  Figure 2.4 shows a photograph of the machine setup with the camera 
in place.  Figure 2.5 shows an optical image of the view from the camera location along 
with a raw IR image from the camera at that same location.  
Figure 2.3. Diagram of IR hardware setup in helicon region 
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Figure 2.4.  Photograph of experimental setup showing IR camera covered with 
brass foil. 
 
2.2  CALIBRATION 
For the VASIMR VX-50 experiments, the IR camera calibration proceeded as 
follows.  Three thermocouples were mounted to the dielectric tube outer surface with 
Resbond 905 ceramic adhesive at 3 different azimuthal locations.  These thermocouples 
are visible in figure 2.6.  The computer DAQ system recorded IR data and thermocouple 
Figure 2.5.  Visual (left) and IR (right) images taken from IR 
camera location. 
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data before and after a typical shot to cover the expected temperature range for the 
experiments.  For each thermocouple location and temperature, we compared the IR 
camera temperature measurement to the thermocouple measurement and obtained a 
correction factor by which to multiply the IR camera temperature reading to match the 
thermocouple reading.  To obtain a single correction factor for all of the IR camera data 
pixels, we averaged the 6 correction factors obtained from this method (3 thermocouples 
at 2 different temperatures).  The final correction factors used were 1.11 for the 100oC 
temperature range, and 1.14 for the 200oC temperature range.  The difference between the 
mean and the most extreme correction factor values were 8% for the 100oC range and 
12% for the 200oC range.  We use these percentages in estimating error values for our 
final heat flux calculations.  Note that this direct calibration procedure eliminates the 
need to separately account for the effects of having glass emissivity values less than one, 
reflection losses from the IR mirror, transmission losses through the ZnSe window, etc.   
The steep angle at which the IR camera views the tube through the mirror induces 
significant perspective in the image, causing the far end of the tube to appear smaller than 
the near end.  We used the Adobe Photoshop perspective correction tool to correct this.  
We recorded the necessary string of commands to remove the perspective, then applied 
this command string to each of the images in order to ensure that the same amount of 
perspective correction was applied to each image.  Figure 2.7 shows an image before and 
thermocouples 
Figure 2.6.  IR image showing thermocouples 
 26 
after perspective correction.  All analyses to calculate heat flux values from the IR data 
used these perspective-corrected images. 
 
2.3  OTHER DIAGNOSTICS 
In addition to the IR camera, the primary diagnostics used for analysis in these 
experiments include a recriprocating ion flux probe and Baratron neutral pressure gauge.  
The Baratron pressure gauge (a capacitance manometer) connects to a short tube leading 
to the gas inlet at the upstream end of the experiment and measures neutral pressure at the 
inlet.   
The reciprocating ion flux probe is essentially a Langmuir probe operating at a 
constant negative voltage, such that it repels electrons and collects only ions.  In other 
words, it operates in the ion saturation regime at all times.  The probe consists of a single 
tungsten cylindrical conductor 2.5mm diameter by 5mm long, mounted in a 6.4mm 
diameter by approximately 250mm long aluminum oxide tube.  The downstream half of 
the cylindrical conductor is shielded from the plasma and centered in the probe body by 
the aluminum oxide insulator with a cutout in the side where the conductor is exposed 
near the end.  The aluminum oxide shaft is attached to the end of a 19mm diameter steel 
probe.   
The probe moves radially into and out of the plasma under the action of a 
pneumatic actuator, thus obtaining a radial profile of the ion saturation current in the 
Figure 2.7.  IR image before (left) and after (right) 
perspective correction. 
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plasma.  The probe enters the edge of the plasma 0.7s after the discharge starts, taking 
100ms to travel from the plasma edge to the center, then 150ms to return.  The probe is 
located approximately 70cm downstream of the helicon, in the diverging region of the 
magnetic field, just past magnet 3.  We obtain ion flux values and local density values 
from the ion saturation current readings by assuming singly ionized ions moving at the 
ion sound speed, cs. 
i
eB
s M
Tk
c             (2.1) 
Here, kB is Boltzmann’s constant, Te is the electron temperature (assumed constant at 5eV 
based on previous Langmuir probe measurements performed by Ad Astra personnel for 
similar experiments), and Mi is the ion mass.  To obtain the number flux of ions in the 
plume (plume), we divide the ion saturation current (Isat) by the ion elementary charge (e) 
and the probe area (Afluxprobe) 
Ae
I sat
plume 
            (2.2) 
As with any surface inserted into the plasma, the plasma forms a sheath around the probe 
surface, across which the ions must travel to reach the probe.  By conservation of 
particles, the flux entering the sheath equals the flux reaching the probe.  The local 
plasma density at the edge of the sheath (ns) is found by dividing the flux by the ion 
sound speed. 
s
plume
s c
n

           (2.3) 
Assuming Maxwellian electrons, the plasma (ion) density in the free plasma outside the 
sheath (ne) can be found from [54]: 
ees nenn 61.02
1

                                             (2.4) 
Here, e is the mathematical constant 2.718, not the elementary charge as used in 
equation 2.2.  Although the flux probe is located in the plume well downstream of the 
helicon source, it is still a useful tool to gain insight as to the behavior of the source.  The 
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probe indicates the flux of ions leaving the source which make it out of the dielectric 
tube, and as such we use this diagnostic to analyze the trends in source performance as 
operational parameters change.   
2.4  RESULTS 
For the IR camera data, the antenna coils block portions of the view of the quartz 
tube from the IR camera.  The antenna is water cooled and shows very little heating 
during a plasma pulse.  We must therefore make assumptions about the temperature of 
the hidden tube surface directly under the antenna coils.  For the downstream-most strap 
of the antenna (i.e. the strap closest to the camera viewpoint), we treat the hidden area by 
extrapolating the values from the antenna edge (actually slightly under the antenna in this 
case due to the highly oblique viewing angle) in the axial direction across the width of the 
strap.  We use this extrapolation method, rather than interpolating to match temperatures 
on the upstream side of the strap, because a large part of the upstream data is blocked by 
the cross strap near the top of the image.  This method should give a slightly higher heat 
flux value than the interpolation method.  For the upstream and cross straps, however, we 
are unable to obtain adequate data at the antenna edge to make this assumption, as a large 
portion of the tube surface is blocked by the straps at the highly oblique angle.  For these 
straps, then, we pick a temperature value in a representative region under the downstream 
strap and assume that the temperature in the hidden regions is uniform and equal to this 
value.  This more simplistic assumption introduces more error into the heat calculation 
and leads to a more conservative (higher) total heat flux estimation.  For a typical 10kW 
shot, the difference in total heat flux between making this set of assumptions and 
assuming nothing about the hidden regions is approximately 700 Watts or 7% of the input 
power.  Assuming nothing essentially means that we use the temperature of the cold outer 
antenna surface that is visible, rather than an assumed tube surface temperature, which 
under-predicts the heat flux.  Figure 2.8 shows a heat flux map with and without these 
assumptions.   
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Although the single point method for assuming the temperature of the upstream 
and cross straps introduces significant error into the absolute heat flux calculation, we can 
use this method with reasonable confidence to examine the heating trends in the system 
as the operational parameters vary, because the same method (and same point 
temperature location for the representative temperature) is used for all shots.  Only when 
the profile shape of the temperature distribution changes dramatically with operational 
parameters does this method fail to accurately capture the heating trend.  In 
reference[51], the authors perform their own analysis of our same set of data from the 
VX-50 experiment.  In this work, the authors use an unspecified interpolation technique 
to account for the hidden area.  The results for both absolute heating of the tube and 
heating trends are very similar to our results, which will be described in the following 
paragraphs.  
The figure above shows the heat flux map from a shot at nominal conditions.  The 
operating conditions are: 10.2kW RF absorbed power (forward minus reflected), 5s RF 
pulse, 300A in magnets 1 and 2 (0.226T field strength at helicon center), 1600A in 
magnet 3 (mirror ratio =3.73), and 700sccm argon.  From this image, we see bulk heating 
around and just downstream of the antenna.  As in the UT experiment, we also see strong 
localized heating directly under the antenna, in regions where the oblique camera angle 
allows us to see part of the tube under the coils.  In the paragraphs that follow, we will 
present results from a variety of operating conditions and discuss how the heating profile 
Figure 2.8.  Heat flux map with (right) and without (left) 
assumptions about hidden regions. 
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changes as conditions change.  Table A.I in appendix A summarizes the test condition 
matrix.   
2.4.1  Magnet 2 scans 
 For this set of parameter scans, the gas flow rate remained constant at 700sccm 
and the power remained fixed at approximately at 10kW or 5kW, while the current 
applied to magnet 2 varied from 100A to 600A.  This corresponds to a magnetic field 
strength at the center of the helicon from approximately 0.12T to 0.38T.  From shot to 
shot, the average RF power fluctuated slightly (less than 10%).  To account for this, we 
linearly scaled all of the heat flux data to the nominal average power for each shot series 
of 10kW or 5kW.  For example, to scale a shot with an average power of 9.8kW, we 
multiply all heat flux values by a factor of (10/9.8) to obtain the equivalent heating at 
10kW. 
Figures A.1 through A.6 in appendix A show the output of a numerical 
magnetostatic simulation (courtesy of Andrew Ilin of Ad Astra Rocket Company) of the 
magnetic field lines generated by the system with the different magnet 2 current levels.  
These figures also show plots of the magnetic field strength versus z along the machine 
centerline axis.  There appears to be no correlation between the intersection of field lines 
with the tube surface and the location of hot spots on the tube.  The magnetic field 
strength, however, changes significantly as the magnet 2 current changes.  This result is 
surprising, as we would expect a grazing impingement of the field lines on the tube 
surface to create hot spots on the tube as particles stream along the field lines into the 
surface.  The profile shape of the heat flux distribution does change somewhat as the field 
shape changes, but the hot spots do not follow the movement of the field impingement 
points.  Rather, we see a gradual spreading of the heating downstream with increasing 
current in magnet 2.   
Figures A.16 and A.17 in appendix A respectively show the heat flux maps for the 
5kW and 10kW argon shot series’.  Figure A.18 in the appendix shows similar data for 
the 10kW neon shot series, which shows a slightly different trend.  For the argon shots, 
 31 
note the general slight spreading of the heat load 
away from the antenna as the M2 current 
increases.  More importantly, as the M2 current 
increases, and therefore the magnetic field 
strength in the helicon region increases, the 
overall heat load decreases dramatically.  The 
slight spreading of the heat load downstream as 
the magnet current increases is likely due to 
better radial confinement of the plasma by the 
magnetic field.  That is, more particles can 
travel farther downstream before reaching the wall, thus spreading the heat load farther 
downstream.  We will discuss this phenomenon in detail later.  
The neon shots show similar performance, however there is an additional highly 
localized heat load under the upper half of the antenna that appears at the higher fields.  
Argon shows this very slightly at the highest field.  This is likely due to localized 
capacitive coupling.  In all of our experiments, the antenna is not well centered on the 
quartz tube, being closer to the surface near the top.  Figure 2.9 is an optical image that 
clearly shows the asymmetry.  The closer spacing of the antenna near the top makes 
capacitive coupling more effective in this region.  Why this occurs only with neon and 
only at the higher fields is unknown.  Figures 2.10 and 2.11 respectively show plots of 
the total heat load as a percent of the absorbed helicon power versus M2 current for the 
10kW argon, and 10kW neon shot series.  Argon shows a steady drop in heating, leveling 
off above 400A.  Neon shows a smaller drop and levels off more quickly, due to the extra 
localized heating under the antenna at the higher fields.   
Figures 2.12 and 2.13 respectively show the average electron density (assumed 
equal to ion density by the principle of quasineutrality) measured by the reciprocating ion 
flux probe located approximately 70cm downstream of the helicon.  The argon density 
peaks around 400A, while neon peaks around 200A.  The earlier drop in density with 
neon may be due to the capacitive coupling, which causes particles to collide with the 
Figure 2.9.  Optical image showing 
larger gap at bottom 
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wall at a greater rate, thus robbing the flow of ions.  The density drop, however, may also 
simply be due to a change in coupling efficiency of the antenna to the plasma as the field 
changes.  Further experiments will be necessary to determine this with certainty.  It is 
important to note from the argon flux probe data that the change in ion flux does not 
follow the same trend as the change in wall heating.  This means that the drop in wall 
heating as the magnetic field increases is not due to a drop in the source plasma density 
caused by a change in the antenna coupling as the field changes.  We can conclude, 
therefore that the observed change in the wall heating represents a physical change in the 
radial transport of energy, not simply a decrease in the core plasma density. 
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Figure 2.10.  Percent of power into 
tube vs. M2 current for 
argon 
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Figure 2.11.  Percent of power into 
tube vs. M2 current for 
neon 
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2.4.2  Gas flow rate scan: 
 For the gas flow rate scans, the magnetic field remained fixed with 300A in 
magnets 1 and 2 and 1600A in magnet 3, while the gas flow rate of incoming neutrals 
varied from 300sccm to 1100sccm.  Figures A.19 and A.20 in the appendix shows the 
heat flux maps for the 6kW and 11kW argon gas flow rate scans.  Figures 2.14 and 2.15 
show the total heat load as a percentage of the absorbed helicon power versus gas flow 
rate for the 11kW series and 6kW series, respectively.  In both cases, there is a general 
increase in the heat load with more gas.   
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Figure 2.14.  Percent power into tube vs. 
gas flow rate for argon 
11kW series  
Figure 2.15.  Percent power into tube vs. 
gas flow rate for argon 
6kW series 
300 400 500 600 700 800 900 1000 1100
0
5
10
15
20
25
30
35
40
45
Ar neutral gas flow (sccm)
pe
rc
en
t o
f h
el
ic
on
 p
ow
er
 a
bs
or
be
d 
in
to
 tu
be
 (%
)
percent power absorbed into quartz vs. gas flow
Figure 2.16.  ne vs. gas flow rate for 
11kW gas scan  
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Figure 2.17.  ne vs gas flow rate for 
6kW gas scan  
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However, the increase is not nearly one-to-one, as a 300% increase in gas flow only 
increases the heat load by about 17%.  This indicates much less heating per incoming 
neutral atom at the higher flow rates.  At very low flow rates (300sccm) we see the 
concentrated heat signature under the upper half of the antenna indicative of capacitive 
coupling.   
 Figures 2.16 and 2.17 show data from the downstream reciprocating ion flux 
probe for the gas flow rate scans for the 11kW and 6kW series, respectively.  This data 
shows a trend of mostly decreasing ion flux with increasing flow rate.  This is opposite of 
the trend seen in the wall heating, which increases as the neutral inflow rate increases.  
Therefore, we can again conclude that the change in wall heating is due to a physical 
change in the radial energy transport, and not due to an increase in plasma density as the 
neutral influx increases.  In fact, it is likely that the effect is somewhat stronger than the 
data indicates, since the ion flux probe data suggests that the source produces fewer ions 
as the flowrate increases.  We cannot, however, make any meaningful quantitative 
conclusions about this, because the flux probe is located downstream of the source, near 
the glass tube exit.  We do not have plasma density measurements inside the helicon 
region for any VASIMR experiments described here.  At the higher gas flow rates (and 
hence higher neutral densities), higher collisionality in the plasma leads to enhanced 
radial diffusion of the ions, allowing more ions to escape to the wall before they reach the 
fluxprobe location downstream.   
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2.4.3  Power scan: 
This parameter scan varied the RF power applied to the helicon while all other 
parameters remained fixed.  This configuration used 700sccm gas flow rate, with 300A in 
magnets 1 and 2, and 1600A in magnet 3.  Figure 2.18 shows the total heat load as a 
percentage of absorbed helicon power versus absorbed helicon power for the argon power 
scan.  Figure 2.19 shows similar data for neon, which shows the same trend.  These plots 
show very little change in the percentage of absorbed power as power increases, 
indicating a nearly linear increase in heating with power.  The slight upward slope 
indicates that the change is not quite one-to-one, indicating slightly less efficient 
operation at higher powers.  However, this change is within the error of the total heat 
measurement.  Also, we again see evidence of slight capacitive coupling under the upper 
half of the antenna for the neon shots, which exhibit less overall heating than the argon 
shots.   
Figures 2.20 and 2.21 show downstream average ion density data from the 
recriprocating flux probe for the argon and neon power series’.  These plots both show an 
increase in the downstream ion flux as power increases.  This indicates that the source 
likely produced more ions with increasing power.  However the change could also be due 
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to an increase in electron temperature with increasing power.  Since we assume a 
constant electron temperature to calculate the ion density from the flux probe data, an 
increase in Te would result in a higher ion sound speed than that used in the calculation, 
and thus an over-prediction of the density.  
The nearly flat scaling with power is important for the development of future 
high-power helicon devices, since it indicates that no major changes occur in the physical 
mechanisms causing wall heating as power increases.  Figures A.21 and A.22 in 
Appendix A show the heat flux maps for the argon and neon power scans, which show no 
significant change in the spatial heat flux distribution.  We therefore can expect with 
reasonable confidence that as a helicon system is scaled up in power, the percent of 
power lost to the wall and the location of hot spots will not change. 
2.4.4  Magnet 1 scan 
 For this set of experiments using argon only, the gas flow rate and power 
remained fixed at 700sccm and 5kW, respectively, while the current applied to magnet 1 
varied from 100A to 600A.  Figure A.7 through A.12 in Appendix A show the output of 
the numerical magnetostatic simulation of the magnetic field lines generated by the 
system with the different magnet 1 current levels.  Again, there appears to be no 
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correlation with intersection of field lines with the tube surface and the location of hot 
spots on the tube.  Figure A.23 in the appendix shows heat flux maps for the different M1 
currents, and Figure 2.22 here shows a plot of total heat load as a percentage of helicon 
power versus magnet 1 current.  There is a slight dip around 300A, but little change in the 
total heat load otherwise.   
It is important to note that changing magnet 1 current alters the field profile shape 
significantly, but does not significantly change the strength of the field at the location of 
the helicon.  It is possible that there is a greater change in the heat load at locations well 
upstream of the antenna, but the geometry of the system prevents us from clearly seeing 
this region with the IR camera.  Figure 2.23 shows the average ion density vs. M1 current 
from the reciprocating flux probe.  There is little change with the magnet current. 
2.4.5  Magnetic field magnitude scan 
 For this experiment, we vary the magnetic field strength by changing the current 
in all three magnets proportionately, keeping the shape unchanged from the nominal field 
configuration.  Power remained constant at 5kW.  In accordance with experiments 
performed in the past by Jared Squire et al. in March 2006 [3], we simultaneously vary 
gas flow rate in order to maintain as close as possible to theoretical 100% ionization 
without wasting helicon power.  This is based on integrating the flux probe data over the 
area of the plume to obtain the total flux of ions leaving the rocket, assuming 
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Figure 22.   Percent of power lost to 
tube vs. M11 current 
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axisymmetry of the plume.  We assumed that 100% ionization occurs when this 
integrated outflux of ions equals the influx of neutrals from the gas injection.  This may 
not be correct, as spectroscopic measurements and analyses for similar shots suggest that 
the plume condition is around 10% ionization.[55] 
Figure A.24 in appendix A shows the heat flux maps for the B-field magnitude 
scan, and figure 2.24 here shows the total heat load as a percentage of absorbed helicon 
power versus B at the helicon.  We see a decrease in the heating as magnetic field 
increases, despite the increasing flow rate.  This indicates that the magnetic field 
influences the heating more than the gas flow rate, and that less heating occurs at the 
stronger fields.  Figure 2.25 shows the same data, but linearly scaled by neutral gas 
flowrate to a value of 700sccm.  Figure 2.26 shows the average ion density from the 
reciprocating flux probe versus helicon magnetic field strength, and Figure 2.27 shows 
the same data linearly normalized to 700sccm neutral flow rate.  This data indicates that 
the helicon source produces more ions per unit of inflowing neutral atoms at the higher 
fields and flow rates, suggesting all-around more efficient rocket operation at higher 
fields.   
Figure 2.24.   Percent of power lost to 
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Figure 2.25.   Percent power lost to 
tube vs. B at helicon, 
normalized to 700sccm 
gas flow 
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2.4.6  Magnetic mirror ratio scan 
 The magnetic mirror ratio is defined here as the ratio of the magnetic field 
strength at the centerline of the choke, or the strongest point, to the field at the center of 
the helicon.  In this experiment, we vary the ratio of the current applied to the first two 
magnets to the current applied to the third magnet, while keeping RF power and gas 
flowrate fixed at 5kW and 700sccm, respectively.  This changes the shape of the 
magnetic field considerably, however we keep the field strength at the center of the 
helicon essentially constant.   
Figure A.13 through A.15 in Appendix A show the magnetic field lines and the 
centerline profiles for the mirror ratio scan.  Figure A.25 in the appendix shows the 
corresponding heat flux maps, and Figure 2.28 here shows the total heat load as a 
percentage of absorbed helicon power versus mirror ratio.  This figure shows very little 
change in total heating with mirror ratio, indicating that the strength of the field at the 
helicon has more effect on the heating than the shape of the field.  Figure 2.29 shows the 
average ion density from the reciprocating flux probe versus mirror ratio.  This figure 
shows an increase in density with higher mirror ratio, indicating somewhat better rocket 
performance at higher mirror ratios.  This is likely due to the fact that at the higher mirror 
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Figure 2.27.   ne vs. magnetic field strength 
at helicon, normalized to 
700sccm gas flow 
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ratios, the field strength downstream of the helicon is much greater than at lower mirror 
ratios.  Therefore, cross field diffusion in regions between the helicon and the flux probe 
is reduced at the higher mirror ratios, allowing more charged particles to pass through to 
reach the probe location.   
Although the total power loss into the glass tube remains nearly constant as the 
mirror ratio changes, the profile of the heat distribution changes slightly.  The heat flux 
maps in the appendix show this.  A line of axial data along the center of the tube in these 
images is plotted for each mirror ratio in Figure 2.30.  This image shows that as the 
mirror ratio increases, the profile flattens out in the axial direction and the location of 
peak heat flux moves upstream.  This again may be due to the larger magnetic field 
strengths encountered in the downstream away from the helicon.   
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Figure 2.28.   Percent of power lost to tube 
vs. magnetic mirror ratio 
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2.5  DISCUSSION OF VX-50 RESULTS 
 The heating observed in the dielectric tube in the VX-50 experiment is likely due 
to a combination of radiation and particle bombardment of the walls.  From our IR data, 
we see that overall heating decreases as magnetic field increases, gas flow decreases, and 
molecular weight decreases.  In other words, when the plasma becomes more collisional 
and less magnetized, the heating of the walls increases.  Thus, it is likely that cross-field 
diffusion of charged species is an important (if not dominant) contributor to the wall 
heating, in the form of particle bombardment of the walls.   Furthermore, changing the 
shape of the magnetic field, and thus the amount of grazing impingement on the surface 
from the magnetic field lines, does not have as great an impact on the radial heat flux as 
does changing the strength of the field near the helicon.  This lends further support to the 
theory that cross field diffusion of ions contributes greatly to the wall heat flux. 
Classical diffusion (see text and Figure 1.2 in the introduction chapter) predicts 
that the cross-field flux of ions will scale as 1/B2.[56]  This does not capture the observed 
Figure 2.30.   Centerline axial heating profiles for different magnetic mirror ratios. 
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data trend.  If we use, however, an anomalous (Bohm) diffusion scaling of 1/B, we are 
able to match the trend with reasonable accuracy.  Bohm diffusion has been observed in 
large plasma devices as an upper limit to cross-field diffusion.  This phenomenon is not 
well understood, but many researchers believe it to be due to local turbulent fluctuations 
in plasma parameters and therefore local electric and magnetic fields.  The Bohm 
diffusion coefficient is given by the following semi-empirical formula [54].  
BeB
TkD eBBohm
1~
16
1
                                                (2.5) 
Here, kB is Boltzmann’s constant, e is the electron (or ion) charge, and B is magnetic field 
strength in Tesla at the center of the helicon, as predicted by the magnetostatic 
simulation.  From this, we find the flux of ions to the wall as:   
dr
dn
DBohmBohm                                                   (2.6) 
Here n is plasma density and r is tube radius.  We do not have measurements of the 
plasma density gradient near the wall, and are thus forced to assume a value.  We assume 
a linear gradient equal to n/r, using n at the centerline [54].  Since we do not have 
measurements of n at the core of the source, we calculate the value of n from the neutral 
pressure as measured by the Baratron gauge upstream of the antenna at the gas injection 
point at the center of the upstream endplate.  This is a rough assumption, but is not 
unreasonable, since we expect the hot electrons to exert most of the pressure on the 
neutral gas, creating the observed pressure rise as the RF fires, as shown by the Baratron 
gauge data in Figure 2.31.  We use the ideal gas law (Pg=nkBTe) to calculate n from this 
pressure measurement, giving: 
rTk
P
D
r
nD
dr
dn
D
eB
g
BohmBohmBohmBohm 
                           (2.7) 
From this we calculate the power delivered to the wall by assuming that each particle 
deposits into the wall its kinetic energy (Ekin) plus the ion recombination energy (Eion) as 
it recombines with an electron from the wall to form a neutral atom: 
  AreaEEPower ionkinBohm                                      (2.8) 
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Figure 2.32 again shows the total power loss to the tube as a percentage of the 
applied RF power vs. magnet 2 current for the magnet 2 scan for the 10kW series.  The 
points show the measured data, and the line shows the predicted values based on the 
above Bohm diffusion scaling.  It should be noted that although the calculation captures 
the scaling trend in the data, it does not correctly predict the absolute heating values.   
Figure 2.31.   Upstream neutral pressure vs. time for different magnet 2 
currents.  RF turns on at 0.65 sec. 
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Figure 2.32.   Heat flux data (dots) and 1/B trend (line) for 10kW M2 current scan 
for argon.  The lower line shows the trend for a radiation calculation.   
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The calculated Bohm values are multiplied by a factor of 10 in the plot.  Given the 
approximations and assumptions made in the above calculation, it is not surprising to see 
such an error.  The data trend, however, matches well, suggesting that diffusion across 
the magnetic field is largely responsible for the transport of energy to the wall.  The other 
line shown in the figure shows a calculation of expected radiation power scaling from the 
plasma, based on the same data.  We include this line only to show that the radiation 
trend does not follow that of the data, lending further credence to the idea that particles 
contribute to a large portion of the heat load.  This radiated power is calculated from[57, 
58] 
VolumeLnP CRtotalerad 
2                                           (2.9) 
Here, Prad is the total radiated power from the source region with volume assumed to be 
that of a cylinder with diameter and length half that of the tube.  This assumes that most 
of the power is radiated from the bright plasma core, which is much smaller than the tube 
diameter.  Ltotal is the radiative cooling coefficient for the sum of all possible emission 
from argon ions at a constant electron temperature of 3eV.  This emission is calculated 
from a collisional-radiative model, and includes radiation from line emission, 
recombination, and Bremsstrahlung radiation.[57, 58]  
  Figure 2.33 shows similar data for the 11 kW and 6kW argon gas flow rate scans.  
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Figure 2.33.   Heat flux data (dots) and Bohm diffusion model (line) for argon gas 
flow scans.  The left plot shows the 11kW series. The right plot shows 
the 5kW series.   
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This data also shows good agreement with the Bohm diffusion trend.  The magnetic field 
strength scan series also shows good agreement, however it is difficult to say there is a 
matching trend, since we have only 3 good data points for this series.  We do not include 
plots here for the mirror ratio and magnet 1 scans because they show little change in 
heating, making the trend less interesting.  These plots are shown in Figures A.26 and 
A.27 in Appendix A for completeness, along with a similar plot for the magnetic field 
magnitude scan in Figure A.28.  The data in the magnetic field magnitude scan supports 
the other findings, but is less convincing because it only contains three data points for the 
IR camera data and four data points for the diffusion calculation.  The Bohm diffusion 
scaling model agrees well with this data also, and predicts little change.  The fact that 
little change in the wall heating occurs for the magnet 1 and mirror ratio scans is 
important because the magnetic field strength in the vicinity of the helicon remains 
essentially constant during these parameter scans, although the shape of the field lines 
(and hence the location of field line grazing impingement on the wall) changes.  This 
supports the theory that the heating is caused mainly by diffusion of ions across the field 
to the wall, rather than particles streaming along the field lines and striking the wall at 
grazing angles of incidence when the lines cross the wall. 
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  Figure 2.34 shows similar data for the neon magnet 2 scan series.  Note in this 
series, that the Bohm diffusion scaling matches the data trend at the lower fields, but 
quickly drops off as the data levels off at higher fields.  This discrepancy is due to the 
highly localized heating seen under the top half of the antenna at the higher fields, which 
adds extra heat when present.  This appears to be a separate phenomenon, and does not 
follow the Bohm scaling trend, further supporting our hypothesis of capacitive coupling 
in this regime.   
Without considering the capacitive coupling phenomenon, the Bohm diffusion 
scaling captures the trend during variation of all operating parameters except RF power.  
As the RF power increases, the observed heating increases more than that predicted by 
the Bohm trend.  In order to fit the Bohm calculation to the data, the correction factor for 
the 6kW series is about double that for the higher power scan.  A partial explanation of 
this is increased electron temperature at higher powers.  It is possible that some of the 
extra energy added to the plasma at higher powers goes towards further heating the 
electrons.  In all previous calculations, we assumed a fixed Te of 2eV.  However, a 
reverse calculation of the necessary change in electron temperature to explain the 
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Figure 2.34.   Neon M2 current scan heat flux data 
(points) and 1/B diffusion trend 
calculation (line).   
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observed trend using only Bohm diffusion results in an order of magnitude change in 
electron temperature over our power range.  This is highly unlikely.  However, the 
radiation from the plasma is a strong function of the electron temperature, and a small 
change in Te can result in a very large change in the radiated power.  This would imply 
that at higher powers, the radiation dominates the power loss.  This is not what the data 
trends suggest, as the heat decreases with higher magnetic fields even at the highest 
power levels studied.  Thus we cannot satisfactorily explain the discrepancy between the 
diffusion calculation scaling at different powers.     
 At the lower magnetic fields, when the highly localized heating component is not 
present, we observe a consistently higher total heating rate in the argon as compared to 
the neon.  The argon total power delivered to the wall is 1.5 to 1.8 times the neon total 
power.  In opposition to our previously mentioned theories of particle diffusion, this may 
be partially explained by radiation emitted by the two species.  According to data taken 
by Post et. al.[59], argon plasma radiates approximately 1.4 times as much power as neon 
at 30eV electron temperature (the lowest temperatures tested in the work).  This suggests 
that radiated power may play a significant role in the tube heating, and that neither 
mechanism may be dominant.  However, the difference between the heating from the two 
species can also be explained by cross field diffusion.  Neon has a molecular mass of 
20.2g/mol, approximately half that of argon, which has a molecular mass of 39.9g/mol.  
To gain physical insight to the difference in behavior of the two species, we will compare 
their Larmor radii (or gyroradii) in the plasma.  The Larmor radius (rL) is the radius of the 
cyclotron orbit of the charged particle about the magnetic field line, given by the 
following expression. 
eB
vMr iL                                                         (2.10) 
In this expression, Mi is the ion mass and v represents the ion velocity normal to the 
magnetic field direction, which we will take to be the thermal speed, found by equating 
the kinetic energy to the thermal energy of the particle: 
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  TkvM Bi 2
3
2
1 2                                                (2.11) 
Here, T represents the temperature associated with motion normal to the magnetic field.  
Assuming 0.5eV ions and a nominal magnetic field strength of B=0.226T gives a 
gyroradius of 3.5mm for argon, and 2.5mm for neon.  This means that a neon ion will be 
more tightly bound by the magnetic field, having a gyroradius less that of argon at the 
same temperature.  Thus we expect a neon plasma to be more magnetized and better 
confined, and therefore exhibit less cross-field diffusion.  This supports the data trend and 
our previously mentioned physical picture of radial ion transport. 
2.6  CAPACITIVE COUPLING 
 Some of the data from the gas flow scans and magnet 2 scans show the 
appearance of strongly localized heating under the top portion of the antenna, where the 
antenna is closer to the quartz due to off-center mounting.  We again refer to Figure 2.9, 
which shows an optical image of the antenna edge, where it is clear that the top edge is 
closer to the quartz than the bottom edge.  Because the heating is only seen in the 
immediate vicinity of the antenna and only where it is closest to the tube surface (and 
therefore closest to the plasma, providing a shorter dielectric length and making it a better 
capacitor), this heating is likely due to some form of capacitive coupling.  This mode 
appears and strengthens with increased magnetic field, decreased gas flow rate, and 
decreased molecular mass (neon vs. argon).  All of these trends describe a more 
magnetized plasma.  This is counterintuitive, as charged particles more tightly bound by 
the magnetic field lines should experience less cross-field motion, and therefore should 
contribute less to the flux of particles towards the wall.  Clearly there is a need for more 
work in this area to justify this claim and satisfactorily explain this phenomenon.  From 
our observations, this problem in VASIMR can likely be mitigated by uniform spacing of 
the antenna from the tube surface by careful alignment of the antenna with the tube axis 
on future experiments, and by increasing the separation distance between the antenna coil 
and the tube outer surface.  Chapter 5 in this document presents a more thorough 
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discussion of the phenomenon of capacitive coupling in a helicon experiment, with 
application to etching of the inner wall of the glass tube. 
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Chapter 3 - VASIMR VX-CR Thermal Experiments. 
 
3.1  INTRODUCTION 
 Between June and August of 2008, a series of experiments was performed at Ad 
Astra Rocket Company Costa Rica (AARC-CR) to investigate the heating of the Gas 
Containment Tube (GCT) in the VX-CR VASIMR experiment, and to measure the 
energy leaving the rocket in the plume.  An infrared (IR) camera photographed the GCT 
and a subsequent computer analysis of the data estimated the heating.  A bolometer probe 
inserted into the plasma plume measured the energy flux leaving the rocket.   
3.2  VX-CR EXPERIMENTAL SETUP 
Figure 3.1 shows a cutaway diagram of the VX-CR experimental setup, along 
with a photograph of the helicon antenna and Gas Containment Tube removed from the 
machine.  Gas flow is from right to left in the image.  Argon gas enters the silicon nitride 
Gas Containment Tube (GCT) via an off-center port in the stainless steel upstream 
endplate.   The tube is 22.6 cm long, 8.5cm inner diameter, and 0.5cm thick.  At the 
downstream end of the GCT is a stainless steel tapered section that serves as a choke for 
the neutral gas.  This serves to keep the neutral gas pressure higher in the helicon section, 
in order to make it easier to maintain the helicon mode discharge.  Both the endplate and 
gas choke seal against the outside surface of the GCT with double Kalrez® O-rings with 
no vacuum grease, so that the experiment can be operated for long duration pulses that 
raise the GCT to high temperatures.   
The left-hand half-twist helicon antenna (not shown in the figure) wraps around 
the GCT with approximately 3mm of vacuum gap between the antenna and the tube outer 
surface, maintained by 3 aluminum oxide spacers inserted in the gap.  The water cooled 
antenna is 65mm long with an inner diameter of 100.2mm and is made from 4.6mm thick 
copper straps.  The antenna is located with its center 15.6cm upstream of the joint 
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between the two magnets.  If shown in the figure, the antenna would lie approximately in 
the center of the green GCT.  Up to 10kW of 13.56MHz RF power is delivered to the 
antenna through a capacitive match network from an external generator and amplifier.   
The match network is completely enclosed in a ¼” thick aluminum box which is 
grounded to the coaxial transmission line on the input side, and the vacuum chamber on 
the other side, in a similar fashion as on the VX-50 experiment.  This configuration 
prevents any significant RF radiation losses from the match network.   
A continuous water-cooled solenoid coil around the helicon section maintains a 
DC magnetic field pointing towards the downstream direction with strength between 
0.034 and 0.088 Tesla.   Because the magnet is made from a single long continuous coil, 
Figure 3.1.  VX-CR experiment 
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as opposed to several individual coils separated by gaps as in the VX-50 and UT helicon 
experiments, the field lines in the GCT section are straight and parallel to the GCT 
surface, and the magnetic field is constant throughout the helicon region.  A second 
magnet just downstream of the gas choke section generates a stronger field in that 
section.  This is to accommodate future experiments involving an ion-cyclotron antenna 
in this location.  During all the experiments described here, the ICH (Ion Cyclotron 
Heating) antenna was not installed.  In the region between the two magnets, the magnetic 
field lines are tapered as they pass from the lower field helicon magnet region to the 
higher field ICH magnet (or choke magnet) region.  The stainless steel gas choke is 
designed so that its inner surface lies parallel to the tapering field lines between the two 
magnets to avoid any magnetic field line impingement on the surface and hopefully 
minimize radial heat losses.  A third magnet farther downstream provides a small 
additional field to trim the field shape of the expanding field lines so that they do not 
impinge on the edge of the vacuum chamber opening through which the expanding 
plasma flows into an approximately 36m3 vacuum chamber.  
3.3  IR CAMERA EXPERIMENTS 
3.3.1  Setup 
Figure 3.1 shows an isometric cutaway diagram of the apparatus used to obtain IR 
camera data.  Figure 3.2 shows the same setup from a side view, with IR components 
labeled.  The FLIR model P65 camera is located outside of the vacuum chamber and 
views the upper portion of the tube inner surface through two ZnSe windows and a gold 
surface mirror.  Infrared light emitted by the tube surface passes through the first ZnSe 
window (mounted in the upstream GCT endplate), reflects off the mirror, then passes 
through the second ZnSe window out of the vacuum chamber where it is collected by the 
camera lens.  The camera is mounted via the standard tripod mounting hole to an 
aluminum frame attached to the vacuum chamber.  This frame was constructed in-house, 
and allows the camera angle to be adjusted in three dimensions, and the camera position 
to be adjusted in three dimensions.  The front-surface gold mirror, shown in Figure 3.3, 
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was fabricated by the UT cryogenics/ vacuum laboratory by depositing a thin (few nm) 
layer of gold onto a glass substrate using a Physical Vapor Deposition (PVD) process.  A 
moveable mount, shown in the figure and constructed by AARC-CR personnel, allows 
the mirror to be accurately positioned and tilted to obtain different views of the Gas 
Containment Tube (GCT) area.  Figure 3.4 shows an axial view of the complete assembly 
installed and ready for operation, from the upstream end of the rocket. 
Figure 3.2. VX-CR cross section showing IR components 
Figure 3.3.  photo of IR mirror in mount  
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 In order to design the frame and accurately position the mirror, the camera, 
mirror, tube, and windows were modeled and the camera view was simulated using POV-
Ray software.  POV-Ray (Persistence of Vision) is an open-source ray tracing program 
capable of accurately simulating the camera view for any geometrical setup and lighting 
conditions.  This software is typically used to create high-fidelity computer-generated 
graphics and artwork.   
Figure 3.5 shows the geometric setup used for the POV-Ray model.  The 
checkered surface represents the GCT, the green cylinder at the right end of the GCT 
represents the inner diameter and length of the opening in the upstream endplate in which 
the ZnSe window fits.  That is, it is the constriction through which the image of the tube 
inner surface must pass as it leaves the tube.  The mirror is shown as the grey disc below 
and to the right of the GCT, and the yellow cylinder above and to the right represents the 
optical constriction of the vacuum flange opening which houses the second ZnSe window 
through which the image must pass to reach the camera.  The small cone at the top of the 
image shows the camera location and viewing angle.  The displayed location of all these 
parts was based on the actual measured VX-CR geometry.   
The POV-Ray model was used to virtually move the mirror and camera to find an 
optimal location and angle for both the mirror and camera in order to test the feasibility 
of the entire system before construction and to eliminate the need for time consuming 
trial and error with the installation of the hardware.  Figure 3.6 shows the virtual camera 
view from the POV-Ray model, which can be compared to Figure 3.7, which shows an 
image of raw IR data from the experiment.  The visible portion of the tube inner surface 
is what lies inside the small green cylinder.  From this image, we can only see a small 
portion (in the azimuthal direction) of the tube surface, approximately one fourth of the 
tube inner area.  This was an unavoidable constraint of the system as it is designed 
without adequate optical access, and we did not have access to costly optics to bring a 
wide-angle image out from the vacuum chamber.  The following section describes the 
procedure used to extract meaningful results from this small amount of data.  
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Figure 3.5.  Geometry setup for POV-
Ray model  
Figure 3.6.  POV-Ray virtual image of 
the IR camera view 
original IR image T (K)
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Figure 3.7.  Raw temperature map from IR camera.  The hot spots near the bottom of 
the image are reflections off of the inner magnet walls. 
Figure 3.4.  photo of installed mirror from upstream end of machine 
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 3.3.2  Heat Flux calculation 
Figure 3.7 shows a raw image from the IR camera.  Because the image is reflected 
off of a mirror, it is inverted, showing the top tube surface on the bottom of the image.  
Along the top section of the tube, the upstream-most 1.4cm of the tube is not visible 
because the view of that section is blocked by the endplate.  To estimate the total power 
loss into the tube, we use only the data along a line in the axial (z) direction on the top 
surface of the tube, shown in the figure, and assume axisymmetry.   
A MATLAB algorithm assigns a value for z in mm per pixel along this line in 
the z direction, by dividing the tube length (L) by the number of pixels along the line.  
This value is then corrected at each pixel for the image perspective by measuring the 
number of pixels across the endplate window opening and across a circle representing the 
far end of the GCT opening, as shown in Figure 3.8.  Since both of these diameters are 
known, we can get a value in mm/pixel at each end of the tube.  We use the ratio of these 
values between the ends of the tube to scale z from the near end to the far end, resulting 
in higher values of mm/pixel for pixels at the far end of the tube.  Once z is obtained at 
each pixel, we calculate the mass (m) associated with a ring-shaped node at each pixel, 
having length z, and inner and outer radii of the GCT.  To calculate the heat (Q) at each 
node, we record IR images before and after a plasma pulse of time t.  We then subtract 
Figure 3.8.  IR image showing circles at near and far end GCT openings and 
representative grid spacing 
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these two images taken before and after the shot to obtain a T at each pixel.  We then 
use these values with the equation Q=mCpt.  Summing over all nodes yields a 
value for the total heat flux into the GCT. 
3.3.3  Calibration 
 The IR camera was calibrated against thermocouple measurements taken inside 
the tube without plasma or vacuum.  A thermocouple was attached to the tip of a flexible 
steel rod and inserted into the GCT from the downstream end in such a way that it could 
pressed against the inside upper surface at a variety of z locations.  This is shown roughly 
in the diagram in Figure 3.9.  A hand-held heat gun heated the GCT by blowing hot air 
through a steel tube inserted through the choke, allowing calibration measurements at a 
variety of temperatures.   
After collecting temperature data from both the IR camera and thermocouple, a 
MATLAB algorithm performed a linear 2D interpolation/ extrapolation to obtain a 
correction factor as a function of T and z that forces the IR temperature to match the 
thermocouple temperature.  Figure 3.10 shows a contour plot of the interpolated/ 
extrapolated thermocouple values as a function of z and IR-measured T.  The box 
represents the range of data values from the calibration, so everything outside the box is 
extrapolated.  The data in this plot is later used in the form of a look-up table to correct 
the IR data at each pixel before further analysis of the data.  
Figure 3.9.  IR camera calibration method with thermocouple attached to end of rod 
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3.4  IR CAMERA PARAMETER SCAN RESULTS 
 The experiments involved the measurement of total heat into the GCT during the 
independent varying of neutral gas flow of argon (from 100sccm to 900sccm), magnetic 
field strength (from 0.034T to 0.088T), and RF pulse length (from 4s to 16s).  The 
magnetic field shape was not altered in the vicinity of the GCT, and the field lines 
remained flat in this region for all experiments.  Additional experiments involving 
changing of the field shape downstream of the choke by changing the trim magnet current 
did not show any measureable change in the heat flux to the GCT.  An RF power scan 
yielded inconclusive results due to long and varying pulse times, which allows a 
significant amount of heat to escape the GCT, invalidating the assumption of no external 
heat loss used in our analysis.   
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Figure 3.10.  IR 2D calibration data 
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3.4.1  Gas Flow Scan 
 Figure 3.11 shows a plot of the total power deposited into the GCT as a 
percentage of applied RF power (forward minus reflected) measured at the amplifier, 
versus the neutral gas flow rate.  This series of shots used 4kW of RF power, 0.088T 
magnetic field at the helicon, and 8s pulses.  The plot shows a gradual increase in the heat 
load as flow rate increases.  At 100sccm, we see that the heating increases over the value 
at 300sccm.  We believe that this due to capacitive coupling creating a hotspot on the 
tube, which represents an additional heat load, and adds significant error to our analysis, 
which assumes axisymmetry.  Figure 3.12 shows the T map for the 100sccm condition, 
showing the hot spot, which is located approximately under the downstream strap of the 
antenna, near where the power feed line attaches.  Such a hot spot invalidates our 
assumption of axisymmetry. 
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Figure 3.11.  heat flux vs. gas flow rate Figure 3.12  Delta T map for 100sccm case 
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3.4.2  Magnetic Field Scan 
 Figure 3.13 shows a plot of the total power deposited into the GCT as a 
percentage of applied RF power (forward minus reflected) measured at the amplifier, 
versus the magnetic field at the helicon.  The other parameters were held constant with 
RF power of 4kW, gas flow rate of 300sccm, and pulse lengths of 8s.  The plot shows a 
small gradual decrease in the total heat with increasing magnetic field.  No noticeable hot 
spots appeared during any of these experiments. 
 
 
3.5  BOLOMETER PROBE EXPERIMENTS 
3.5.1  Setup 
Figure 3.14 shows a photograph of the bolometer probe tip, and of the entire 
probe assembly.  The 13mm diameter by 3.5mm thick probe is composed entirely of 
Cotronics Resbond 920 ceramic potting compound with an embedded K-type 
thermocouple with its tip approximately in the center of the probe head.   
Figure 3.13.  GCT heating vs. magnetic field 
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As Figure 3.15 shows, this was constructed by laying a thermocouple wire into a 
plastic mold (a small drinking straw with a slot cut down the side) and pouring the 
Resbond 920 into the mold, taping the ends and leaving approximately  8mm of wire 
(terminating in the thermocouple junction) sticking out at the tip.  After curing, the straw 
Figure 3.14.  Bolometer Probe 
Figure 3.15.  Construction of VX-CR 
plume bolometer probe 
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was removed and the thermocouple tip placed into a plastic mold constructed from a 
short section of PVC pipe with a slot in one side to pass the thermocouple wire.  This 
mold was filled with Resbond 920 and allowed to cure.  After removing the mold, a small 
amount of additional Resbond 920 was applied by hand to the joint between the probe 
shaft and head to cover the short section of thermocouple wire and create the “neck”.  
The probe mounted to an alumina shaft, which connected to a stainless steel shaft passing 
through a moveable o-ring seal and mounted to the VX-CR vacuum chamber just 
downstream of the choke magnet.  This mounting arrangement allows the probe to be 
moved radially in and out of the plasma between shots.  The axial location of the probe is 
the same as that of the reciprocating ion flux probe, which was not used during any of 
these experiments.  
3.5.2  Bolometer Probe Experiment and Results 
 To calculate the heat (Q) to the probe we record the temperature measured by the 
thermocouple before and after a plasma pulse of duration t = 5s-8s.  We use the 
temperature rise T along with material properties in the equation Q=mCpT/t, where 
m is the mass of the probe tip and Cp is the specific heat capacity (1838 J/kg*K).  The 
specific heat capacity and density (used to find the mass) were calculated from a separate 
set of experiments carried out at AARC-CR under the direction of Juan Ignacio Del Valle 
Gamboa.  In this analysis we neglect energy lost by the probe through radiation or 
conduction through the neck, and we assume that all the power is deposited on the flat 
probe face facing upstream.  The heat is divided by the probe cross-sectional disc area to 
obtain heat flux values.  We calculate the heat flux in this manner at different radial 
locations to obtain a radial profile, then assume axisymmetry and integrate this profile to 
obtain a total power.     
 Under these assumptions, these measurements provide an estimate of the total 
power in the plume, or more exactly the total power crossing the plane of the probe 
location.  Figure 3.16 shows a plot of the heat flux measured by the probe vs. radial 
position.  The experimental parameters for this data are 1300A solenoid magnet current, 
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250A trim magnet current, 4kW RF power, 300sccm argon gas flow rate.  Integration of 
the profile gives 980W, or 25% of the input RF power in the plume.    
A separate calculation from recriprocating ion flux probe data (recorded by 
Taylor Matlock, Rodrigo Vargas, and Diana Valverde for similar conditions) of the 
maximum power in the plume particles that can be delivered to the probe yields 280W.  
This calculation assumes 5eV electrons and ions moving at the sound speed.  The 
discrepancy can be due partly to the radiated power from the plasma that is absorbed by 
the probe, which is not accounted for in the particle power calculation.  It is likely, 
however, that the probe mass and specific heat values are not correct, as the probe is not a 
perfect cylinder, and the mixing conditions of the Resbond 920 paste and the mold size 
are significantly different from those used to calculate the material properties.  To obtain 
an accurate mass value, the probe head should be cut off and weighed. 
Another possible explanation for the high probe heat measurements other than 
errors in the physical and thermal properties of the probe head or errors associated with 
the flux probe measurement, is the possibility of direct RF heating of the thermocouple 
inside the probe head.  The probe is located approximately 0.5m downstream of the 
antenna.  This type of direct RF heating occurs when local RF fields induce surface 
currents in a conductor (in this case the thermocouple itself).  Resistive losses due to this 
current in the conductor heat the material.  Because the thermocouple is very small 
(30AWG wires), a small amount of heating could raise the temperature considerably, 
Figure 3.16.  Bolometer probe power density profile 
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resulting in erroneously high heat flux calculations.  A simple experiment to determine 
this would involve covering the probe heat with an insulating material such as glass or 
ceramic that is not in contact with the surface.  This would block heating of the probe due 
to particle bombardment or radiation from the plasma.  If significant heating were 
observed with the shield in place, it would indicate that RF heating of the thermocouple is 
a significant problem. 
3.6  DISCUSSION 
 For most of the experiments performed, the heat flux to the GCT changed only by 
a modest amount with changing operating parameters, and the profile did not change 
significantly, except at the lowest flow rate (100sccm).  At all other conditions, we 
observed no significant hot spots on the tube surface and a smoothly distributed heating 
curve.  We did not look at the opposite side of the tube (the bottom).  However the high 
voltage power feed for the antenna attaches near the top, and this is the most likely 
location to see localized heating due to capacitive coupling, which has previously been 
seen much more strongly on the VX-50 and UT helicon experiments.  Its effects have 
been minimized in the VX-CR experiment by careful alignment with, and even spacing 
between, the antenna and the tube outer surface. 
 Within the range of operating parameters studied, we find the most efficient 
operating regime (in terms of minimum waste heat) at 4 kW to be 300sccm with 1300A 
in the helicon section solenoid magnet.  As on the VX-50 and UT experiments, we see a 
decrease in the heat load as the magnetic field becomes stronger and the flow rate 
increases.  In other words, a more magnetized, less collisional plasma shows less heating 
of the wall.  This lends further support to the idea that particle diffusion to the walls 
contributes a significant portion of the heat load.  However, in the VX-CR experiments, 
both the overall heat load and the relative change as the field and flow rate were changed 
were significantly less than observed on the other two experiments.  This is possibly due 
to the VX-CR magnet design, which ensures uniform, straight field lines near the GCT 
wall, and eliminates grazing wall impingement.  Also, the GCT in these experiments is 
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significantly larger in diameter and shorter in length than in the UT helicon and VX-50 
experiments.  We therefore expect to see less radial diffusion of particles to the wall, 
since they have a much greater radial distance to travel, relative to the axial distance they 
must travel before leaving the rocket.  The small change with parameter scans could also 
be due to a change in coupling efficiency of the antenna. 
For these experiments, we do not have ion flux probe measurements for the 
parameter scans.  Therefore we do not know how the coupling efficiency of the antenna 
to the plasma changes as the magnetic field and gas flow rates change.  It is entirely 
possible that at the higher fields, the antenna couples more efficiently to the plasma and 
thus ionizes more particles, creating more plasma.  This behavior has been observed 
previously on the VASIMR VX-10 experiment (reference) and to a lesser extent on the 
VX-50.  If there is a significant increase in the plasma density at the higher fields, then 
this would partially cancel the effect of decreased radial diffusion with increasing field 
strength.  Until similar experiments are performed which measure the core plasma 
density or plasma flux leaving the rocket as a function of magnetic field strength and gas 
flow rate, the VX-CR results presented here must be regarded as preliminary.  Future 
work on the VX-CR should include a thorough power scan, and another gas flow scan at 
higher operating power. 
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Chapter 4 - Power Balance and UT Helicon Experiments 
 
This chapter details the use of an IR camera, bolometer probe, and a UV 
photodiode to measure the heat flux leaving the plasma in the University of Texas at 
Austin helicon experiment.  Data collected from these diagnostics allows the 
determination of the amount of power lost via radiation vs. particle flux, and provides an 
overall system power balance.  This chapter also describes the measurement of external 
power losses in the match network using the IR camera and RF field probes.  The UT 
experiment is significantly smaller in size and power than either of the two VASIMR 
experiments previously described.  However the UT setup is geometrically much less 
restrictive, allowing easier access for diagnostics to more thoroughly study the physics of 
the helicon discharge. 
4.1   EXPERIMENT 
 Figure 4.1 shows a schematic of the University of Texas at Austin (UT) helicon 
experiment.  A 6 cm diameter x 40 cm long borosilicate (Pyrex) glass tube feeds into a 
grounded stainless steel vacuum chamber which is pumped to vacuum conditions using a 
turbomolecular pump.  Argon gas flows in to the tapered (“upstream”) end of the tube at 
a flow rate of 55 sccm, resulting in a chamber pressure of 1 mTorr at the downstream end 
and 3 mTorr near the upstream end, without plasma.  A mechanical needle valve 
regulates the flow, and an electronic mass flow controller measures the flow rate.  Table 
4.I from reference [17] shows the pressure measured by an ion gauge at the upstream and 
downstream windows for different flow rates.  Figure 4.2 shows a photograph of the 
experiment. 
 Five solenoid coils generate an approximately 0.06T axial DC magnetic field in 
either direction.  The primary difference in the plasma conditions for the different field 
directions is in the propagation of the m = +1 mode which is a traveling wave carrying 
much of the RF power.  The nominal field for most of the work presented here points in 
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Figure 4.1.  Schematic of UT helicon experimental setup.  
Dimensions are in cm.  Gas flow is left to right. 
Figure 4.2.  Photograph of UT experimental setup showing helicon discharge 
Table 4.I.  Neutral pressure at upstream and downstream windows for 
different gas flow rates 
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the upstream direction, so that the wave propagates primarily in the downstream 
direction, creating a long blue core downstream of the antenna. 
A left-hand, half-twist helicon antenna driven by a 1 kW, 13.56 MHz RF power 
supply through a capacitive matching network generates the plasma[17].   Figure 4.3 
shows a photograph of the match network and antenna separated from the rest of the 
experiment.  The term “left-hand” refers to the direction of twist of the antenna from an 
untwisted Nagoya antenna, as discussed in detail in [17].  The twist is such that the m=+1 
wave propagates primarily in the downstream direction, creating a long blue core, when 
the magnetic field points upstream.  Mechanically, this means that the antenna twists in 
the clockwise direction with increasing z (moving in the downstream direction).  The 
antenna is 14.5 cm long, 6.5 cm diameter, and is made from 10 mm x 2 mm copper 
straps, wrapped in fiberglass tape to maintain proper spacing and dielectric strength.  The 
antenna nominally operates at around 20A of RMS current. 
The RF generator internally measures forward and reflected powers, and these 
readings are compared against other measurements described in the following section.  
For all of the plasma experiments presented here, the measured reflected power is less 
than 1 W.  A grounded copper mesh surrounds the entire match network and antenna 
region and provides shielding for RF radiation. 
Figure 4.3.  Match network and antenna photograph 
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4.1.1  External Power losses 
Output power from the 1kW RF generator (RF Power Products model RF10s) was 
measured in four different ways: the internal meter in the power supply, an oscilloscope, 
and two in-line RF meters.  The internal meter in the RF generator displays a readout of 
forward and reflected powers at the end of an RF pulse.  This meter displays only the 
instantaneous power right before the pulse ends.  For a well-matched plasma pulse the 
reflected power is zero Watts, and the forward power varies randomly between 
approximately 900W and 1150W.   
To measure power with the oscilloscope (Tektronics TDS5054B-NV), the output 
from the RF generator fed into a 50Ohm resistive load, connected with a coaxial Tee such 
that the oscilloscope input could be connected across the center conductor and shield. 
During an RF pulse, the oscilloscope recorded the RF voltage waveform and measured 
the root mean squared (Vrms) voltage.  The power then equals Vrms2/50, which varies 
between 900 and 1100 W.  From the RF voltage waveform, we observe a 120 Hz beat 
frequency superimposed on the RF signal, shown in Figure 4.4.  The amplitude of this 
low frequency signal creates an approximate plus or minus 10 % change (depending on 
the phase) in the RF voltage, which accounts for the random variation of the power 
values from the RF generator internal meter and the oscilloscope Vrms measurement.  
Taking the mean of these measurements gives 1000W of RF power.   
Figure 4.4.  Oscillocsope trace of RF voltage 
into 50 Ohm load 
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The power was also measured using a Drake model W-4 inline wattmeter and a 
Philco model 164B inline bi-directional power meter.  These two meters consistently 
measured 1000W and 900W, respectively.  Taking the mean of the oscilloscope and the 
two meters gives us a power of 970W plus or minus 70W. 
External power losses in the match network, transmission lines, and antenna coils 
are due to resistive losses and RF radiation.  The resistive losses can be quantified by 
using the IR camera to measure the temperature rise of various components during a 
pulse and then calculating the power loss the using equation:  
t
TmC
Q p


                                                    (4.1) 
Here, m and Cp are the mass and specific heat capacity of the component, T is the 
temperature rise, and t is the pulse length.  Several RF connectors in the system showed 
slight heating, as well as the coaxial transmission cable.  To measure the heating of the 
cable, a section of insulation and shielding was removed and the center conductor 
exposed on one side.  This technique revealed very slight heating only on the center 
conductor of the cable.  Integration over a 6m cable length yields approximately 10W of 
power loss.  This combined with the other resistive heating losses in the match network 
and antenna accounts for approximately 50W, or 5 percent of the input RF power. 
The power loss from the match network and antenna due to RF radiation was 
measured using a NARDA model 8712 RF survey meter with a model 8761D electric 
field probe.  For this measurement, all the copper mesh shielding was removed from the 
experiment and measurements were taken over a cylindrical grid of radius 30 cm from 
the machine axis.  Integration of these measurements over the cylinder gives 
approximately 250 W of power loss.  The highest fields appeared in the vicinity of the 
match network, with very little RF radiation emanating from the antenna.  With the 
copper mesh shielding in place, this power should be dissipated as heat in the mesh.   
The vacuum wavelength for 13.56 MHz is approximately 22 m, which makes this 
a near-field measurement, subject to error.  Also, removal of the Faraday shielding may 
alter the electrical impedance of the system.  Since it is not practical to measure the 
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power in the far-field, we also estimate the power loss using antenna current 
measurements from a Pearson transformer.  We do this by applying approximately 100 W 
of RF power (forward minus reflected) to the system with no gas and therefore no 
plasma, and measure the current (Ivacuum).  Since there is no plasma to absorb power, we 
assume that all of this power is lost as radiation (Prad,vacuum), minus 5 percent for resistive 
heating losses.  We repeat the process with plasma and record this current (Iplasma).  
Assuming that the radiated power scales with I2, the radiated power with plasma 
(Prad,plasma) is given by:  
2
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PP                                  (4.2) 
This yields approximately 150 W, which includes match network resistive losses.  Taking 
the mean of the power loss from the current method and the RF meter gives 200 W plus 
or minus 50 W, so that approximately 770 W of power is delivered to the plasma.  The 
following sections discuss the measurement of the power losses from the plasma. 
4.1.2   SPIDR Probe 
As the name implies, the SPIDR (Simultaneous Probe for Ion Diffusion and 
Radiation) system is designed to quantitatively measure the radial heat flux leaving the 
plasma due to particle diffusion and radiation.  Figure 4.5 shows a photograph of the 
SPIDR probe used in the experiments.  The probe consists of a bolometer probe and a 
UV photodiode mounted in a glass body.  The bolometer probe measures the total heat 
flux, while the photodiode measures only the radiation component.  The probe is 
mounted to the end of a 1.2 m aluminum oxide rod, which is attached at the downstream 
end of the vacuum chamber to an axial probe drive system[17]  which contains the 
electrical vacuum feed-through for the probe signal wires and allows the probe assembly 
to be moved axially throughout the vacuum chamber.  The probe is mounted such that its 
sensing surface is approximately level with the inner surface of the glass tube in the 
radial direction.  In order to prevent the long cantilevered probe from sagging as it moves 
farther towards the upstream end of the vacuum chamber, a thin glass plate rests on the 
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chamber floor for the full length of the chamber.  A small glass block attached to the 
underside of the ceramic tube just behind the probe slides on the long glass plate and 
supports the probe tip, keeping it at a constant radial location. 
 
 
 
 
 
 
 
 
4.1.2.1  Bolometer Probe 
The Bolometer probe head consists of a 10mm diameter by 0.4mm thick copper 
plate with an attached K-type thermocouple.  A small bent copper rod attached to the 
underside of the plate protrudes through a hole in the glass and a spring presses against 
the rod and the glass body underside, holding the bolometer head down onto the top side 
of the glass and tightly against the thermocouple to provide a good thermal contact.  A 
0.1 mm layer of Kapton tape separates the bolometer head and the glass surface to 
provide greater thermal contact resistance between the surfaces and thus minimize heat 
loss from the probe head due to conduction to the glass.  The probe head rests in a milled 
counter bore section in the glass so that the top surface of the bolometer head lies parallel 
with, and approximately 0.1mm above the top surface of the glass.  This 0.1mm spacing 
exists to ensure that the bolometer head does not lie below the surface of the glass so as 
to be shielded from incoming particles traveling rapidly along the field lines and 
diffusing across to the surface.  The spacing is short enough that the heat contribution of 
particles streaming directly into the side surface of the bolometer head (1/80 of the top 
surface area) should not contribute a significant amount of heating. 
Figure 4.5.  SPIDR probe components 
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The thermocouple wires pass through an electrical vacuum feed-through at the far 
end of the vacuum chamber and attach via coaxial cable to a National Instruments model 
AT-MIO-64E-3 data acquisition board in a personal computer (PC).  A National 
Instruments LabView Virtual Instrument (VI) records data at a rate of 10 kHz, and 
averages every 1000 samples in order to reduce random signal noise, providing an 
equivalent sample rate of 10 Hz.  The vacuum feed-through junction between the 
thermocouple wire and the copper coaxial cable is far from the plasma in the vacuum 
chamber, so that the junction temperature does not change significantly during operation.  
Cold junction compensation (CJC) for this junction is performed by LabView, assuming 
a constant temperature of the junction equal to room temperature.  This is adequate for 
our purposes because the absolute probe temperature is not important for our 
measurements, only the temperature increase during a plasma pulse.   
4.1.2.2  Bolometer Data Analysis 
To determine the total radial power loss leaving the plasma in the vacuum 
chamber, we measure the thermocouple temperature at the bolometer probe head before 
and after a 3s plasma pulse to determine a temperature rise (T).  Plugging this into the 
equation  
AT
TmC
q p


                                                     (4.3) 
yields the heat flux, q, (W/cm2) at the probe location.  In this case, m is the mass of the 
bolometer probe head, Cp is the specific heat capacity of the copper, A is the probe head 
area, and t is the pulse length.  The probe is then moved and the process repeated 
multiple times to obtain an axial profile of the heat flux.  Assuming axisymmetry, we can 
integrate this axial profile over a cylinder with radius equal to that of the probe location 
to obtain a value for total radial power loss leaving the plasma in the vacuum chamber.   
Because we use only temperature data before and after the plasma pulse, we 
assume that the power loss is constant with time.  We also assume that no energy is lost 
from the bolometer probe head during the pulse.  That is, we neglect conduction and 
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radiation losses from the probe.  Both of these assumptions were validated by varying the 
pulse length from 1s to 8s.  With this variation, the heat flux measured by the probe 
changed by less than 5 percent.  With pulse lengths of longer than 8s, the total integrated 
power loss begins to drop as the second assumption breaks down and significant energy 
loss from the probe head occurs by conduction to the probe body.  All of the experiments 
presented here used a pulse length of 3s.  We also assume that all energy from both 
radiation and particle transport incident on the probe head is absorbed.   
4.1.2.3 Photodiode 
The photodiode used is a model AXUV-100G, made by International Radiation 
Detectors (IRD).[60]  This device is designed to be sensitive to photons from 7 to 6000 
eV, but insensitive to charged or neutral particles less than approximately 100 eV.  
According to the manufacturer, the device is absolutely calibrated at the factory to within 
1% of the supplied calibration curve.  The photodiode is mounted on a recessed flat on 
the glass probe body so that its sensing surface is flush with the upper glass surface.     
A thin shielded coaxial cable connects the photodiode to new pins of the same 
electrical feed-through used by the thermocouple.  Two 9 V batteries apply an external 
reverse bias of 18.9 V to the diode, and the output current passes through a 1.2 Ohm 
resistor.  A coaxial cable passes the voltage drop signal across this resistor to the NI DAQ 
board and a LabView VI records the transient data at 10 kHz, averaging every 1000 
samples as in the thermocouple data collection.   
4.1.2.4  Photodiode Data Analysis 
A MATLAB algorithm converts the voltage data to current values, and then to 
incident radiation power density values by interpolating the manufacturer-supplied 
calibration data (quantum efficiency).  To obtain the total radiated power in the chamber, 
we again assume axisymmetry and integrate the radiated power density over a cylinder.   
The quantum efficiency of the photodiode depends on the energy of the incoming 
photons.  In our calculations, we use an average value of the energy per photon.  From an 
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analysis based on spectroscopic data and a collisional-radiative model[55], more than 90 
% of the power radiated by the plasma comes from a few distinct resonant lines and falls 
within two narrow spectral bands: around 11.7 eV for the excited neutrals, and 17 eV for 
the ions.  Also from this work, the ionization fraction in our experiment is approximately 
10 % at a location near the center of the axial measurement range of the probes.  It is 
worth noting that the ionization fraction is likely significantly higher in the upstream 
regions of the plasma core near the helicon center.  Assuming that 10 % of the argon is 
ionized at the probe location, we obtain an average value of energy per photon by using a 
weighted average equal to (11.7eV)(.90)+(17eV)(.10) = 12.2 eV.  To convert the 
recorded current values to energy flux values (qrad), we multiply the current (I) by the 
average photon energy (h) and divide by the quantum efficiency (electrons/photon) 
and photodiode detector area (A):   
Ae
hIqrad 

                                                 (4.4) 
For a given value of photocurrent, changing the assumed ionization fraction 
between 0 % and 100 % changes the calculated value of total power loss by 23%, 
providing an upper bound to the error associated with this calculation.   
4.1.3  IR CAMERA 
The IR camera (Inframetrics model 600) views the Pyrex tube from two different 
angles, as shown in Figure 4.1.  Data from the two views collectively accounts for the full 
tube area on one side.   Measurements taken on the opposite side showed similar results, 
justifying the practice of recording data from one side and doubling the total measured 
power.  The IR camera was calibrated against three K-type thermocouples mounted at 
different azimuthal locations to the surface of a spare Pyrex tube.  The calibration was 
performed at 20 oC and 70 oC, which are the expected limits of the experimental 
temperature range.  The calibration data showed a 5 % maximum difference between the 
IR camera and thermocouple temperatures, which is near the uncertainty of the IR 
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measurement.  We therefore used the IR-measured temperature directly for all of the UT 
experiments. 
4.1.3.1  IR Camera Data Analysis 
To obtain energy flux data from IR camera measurements of the dielectric tube 
surface, we record images immediately before and 2s after a 6s plasma pulse.  The 2s 
delay allows sufficient time for the decay of radial thermal gradients in the thin (2.5mm) 
tube wall.  A MATLAB algorithm subtracts the two images to obtain a value of T at 
each pixel, then calculates the surface area, volume, and mass (m) for the tube surface 
associated with each pixel based on the system geometry and material properties.  At 
each pixel, equation 4.3 gives the heat flux (q) into each pixel.   In this case, Cp is the 
specific heat of the glass, and A is the area associated with the pixel. 
In this analysis, we have assumed that the glass wall absorbs all power leaving the 
plasma radially.  This is intuitively true of particles striking the surface, but this 
assumption for radiation requires some justification.  Based on previous computational 
and experimental work involving a collisional-radiative model[55], the vast majority of 
the radiated power from the discharge is carried by photons from a few resonant spectral 
lines having energies greater than 11eV, which is in the far UV portion of the spectrum.  
At these energies, the photons are not transmitted through the glass.[61]  The visible light 
that can be seen coming through the glass from the discharge represents only a small 
fraction of the total radiated power.  This was also experimentally verified by covering 
the SPIDR bolometer probe head with a glass plate and noting that the measured heat rise 
dropped to unreadable levels, indicating blockage of both particles and radiation.  Further 
experimental verification of this assumption came from covering a section of the glass 
tube outer surface with black electrical tape, which has an emissivity of approximately 
0.96 over a broad spectrum from the IR to the near UV.[62]  IR images taken of the tube 
surface with and without the tape showed no detectable difference, indicating that the 
tape did not absorb significantly more energy than the bare glass or that the radiated 
power in the visible and near UV is negligible.    
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4.2   RESULTS 
4.2.1  IR Camera results 
 
Figure 4.6 shows a map of the heat flux into the glass tube surface from both 
camera angles.  From this image, we see that most of the heating occurs in the vicinity of, 
and downstream of the antenna when the magnetic field points in the upstream direction.  
For the reversed field case, the m=-1 mode is preferentially excited and the blue core 
forms upstream of the antenna.[17]  For this case, the bulk of the heating occurs upstream 
where the plasma impacts the tapered section of the glass tube.  Integration of the data 
from figure 4.6 yields a total power deposition into the glass tube of 290 W plus or minus 
50W, or 29 percent of the total input RF power.   
Figure 4.6.  Visible, raw IR, and processed heat flux maps for both B-field directions 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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In the vicinity of the antenna, we observe heat flux values that are significantly higher 
than the surrounding regions, up to twice as high in some regions.  In these regions, 
values at the edges of the antenna have been interpolated to fill in the missing data in the 
region obscured by the antenna straps.  Doing this versus assuming nothing changes the 
total heat calculation by approximately 3 percent of the total input RF power.  In doing 
this, we have neglected resistive heating of the antenna itself.  IR imaging of the antenna 
surface yields a resistive power loss of approximately 20W, which is somewhat larger 
than a loss calculation assuming skin depth penetration.[31]   
4.2.2  SPIDR results 
Figure 4.7 shows a plot of the total radial heat flux measured by the bolometer, 
the radiated flux measured by the photodiode, and the difference between the two which 
represents the particle-only contribution as a function of the axial position in the vacuum 
chamber.   
Figure 4.7.  SPIDR data and magnetic field strength vs. z 
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Also shown on the top plot in Figure 4.7 are the locations of the magnet coil 
centers.  The plot shows a gradual decrease in both particle and radiation contributions in 
the downstream direction, with the radiation smoothly dropping and contributing between 
15 and 35 percent of the local power density.  This follows a trend of decreasing 
centerline plasma density and temperature from Langmuir probe data, shown in Figure 
4.8. 
 The particle contribution to the power loss does not drop smoothly, but drops 
sharply near the magnet coils and increases between the coils.  Figure 4.7 also shows a 
plot generated by FEMM (Finite Element Method Magnetics) software of the magnetic 
field strength along the machine axis.  This plot shows jumps of up to 23 percent in the 
centerline field strength due to the magnet spacing.   
 The first large dip in the SPIDR data shows a drop of approximately 42 percent in 
the particle contribution at the location of highest field strength under the third magnet 
coil.  This large change with magnetic field indicates that cross-field transport of charged 
particles is responsible for most of the power loss in the discharge.  
Figure 4.8.  Plasma density profiles from Langmuir probe 
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  Hot charge exchange neutrals, which are not affected by the field, appear not to 
play a dominant role in the power loss.  Figure 4.9 shows a FEMM-generated contour 
plot of the magnetic field lines in the chamber.  The straight horizontal line marks the 
measurement location axis.  In the vicinity of this line, the curvature of the field lines is 
very slight, even though the field strength changes significantly.  From this alone, it is not 
clear whether the change in particle flux to the surface is due to a change in the rate of 
cross-field diffusion due to the change in field strength, or due to particles streaming to 
the probe along the very slightly angled field lines.  However, previous IR camera 
experiments[4, 51] performed on the VASIMR VX-50 helicon source showed a 
significant decrease in the heating of the glass tube region as the magnetic field strength 
increased.  Chapter 2 presents this data in detail.  This, combined with our recent results, 
strongly suggest that particle diffusion across the field is the dominant mechanism of 
power loss.   
 Figure 4.10 shows a plot of the SPIDR data, along with an axial line of data from 
the IR camera.  There is a gap in the data of about 13cm around the glass-to-metal seal 
where the glass tube joins the vacuum chamber, where the camera cannot see the heated 
surface and the probes cannot reach.  In order to estimate the total power loss, we must 
interpolate the data to fill in this region.  This region lies under the second magnet, the 
center of which is just downstream of the last IR data, so we expect a minimum to occur 
here.   
Figure 4.9.  FEMM contour plot of magnetic field, showing slight field line curvature 
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 It is, therefore, not straightforward to interpolate the data to this region.  
Connecting the data points on either side of the gap with a straight line overestimates the 
power, and extrapolating the curves on either side with either a linear or spline fit until 
they cross underestimates the power.  These two cases can, however, provide an upper 
and lower bound on the power loss in this region of 51W and 46W respectively.  We 
must also extrapolate the data at the downstream end of the chamber, as the probes do not 
reach this region.  This is straightforward, and yields a power loss of 63W.  A summation 
of all these pieces yields a total power loss into the chamber region of 400W plus or 
minus 50W. 
 Previous experiments[4] using a large bolometer probe normal to the field at the 
downstream endplate of the chamber showed only 1-2 percent of the input power 
reaching the downstream end.  However, this probe when grounded drew 0.93A of 
current, indicating a significant flow of electrons to the endplate. 
Figure 4.10.  IR and SPIDR data vs. z 
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4.3  LONG GLASS TUBE EXPERIMENT 
 
 A final set of IR camera experiments on the UT helicon used a modified 
experiment configuration to replace most of the metal vacuum chamber with a longer 
glass tube.  Figure 4.11  shows the modified experiment configuration with the long glass 
tube.  This configuration allows the IR camera to view the tube from multiple viewpoints 
to collectively see the glass wall bounding all but the last 12 inches of the discharge.  
Figure 4.11 shows the six camera views used to view the glass tube.  To ensure that 
overlapping data in two views was not used twice, a thin wire was wrapped around the 
tube in overlapping regions.  This wire provided a point of reference in each of the 
overlapping images, so that the overlapping data could be deleted from one of the images.  
The spacing between wires also provided a known reference length in the images to 
accurately calibrate the images to determine the area per pixel. 
 Data from each view was recorded and the heat flux calculated as described in the 
previous sections, and the results were compiled into composite images.  This process 
was performed at magnet currents ranging from 160A to 300A, providing magnetic fields 
between approximately 440G and 820G at the helicon center.  
Figure 4.11.  Schematic of long tube configuration showing camera views 
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4.3.1  Long Tube Results 
 
 Figure 4.12 shows a composite image of the heat flux data for magnetic field 
strengths of 440G and 820G, along with optical images of the discharge for the two 
conditions.  This figure shows that at the higher field, the heat load is smaller in upstream 
regions, and more spread out in the downstream direction, with higher heating in 
downstream regions.  The image also shows an axial heating profile similar to that shown 
by the SPIDR bolometer probe, with alternating regions of higher and lower heating 
corresponding to peaks and valleys in the magnetic field profile.   
 
Figure 4.12.  Heat flux data for long glass tube configurations for different field 
strengths (top) and corresponding optical images (bottom) 
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 Integration of the data in figure 4.12 yields a total heat loss in the tube of 520W 
for the high field case, and 540W for the low field case.  The slightly higher total 
integrated heat measured at the lower field could be due to reduced radial diffusion, as 
more particles leave the tube axially in the downstream direction before reaching the wall 
at the higher field.  However, assuming the same power loss in the matching network and 
transmission lines as with the shorter tube configuration of 200W, this leaves 
approximately 220W of input RF power unaccounted for.  This can partially be due to 
errors in the tube thickness, which is used in the calculation of heat from temperature 
data.  The tube used came from old stock from the University of Texas glass shop, and 
the manufacturer was not known.  Typical thickness tolerances from modern 
manufacturers of this type of tubing are between 10% and 20%.  A maximum error of 
20%, added in quadrature with our previously assumed IR camera measurement error of 
10%,  adds only another 120W, bringing the power balance back to a maximum of 87%, 
somewhat less than the total power measured with the short tube configuration.  The 
reason for this missing power is not clear, but this implies that the IR camera method 
slightly under-predicts the heat losses to the glass tube.  Some unmeasured power may 
also escape the plasma radially in the remaining downstream section of vacuum chamber, 
however from IR measurements just upstream of this location, we expect this power loss 
to be small, on the order of 20W.   
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4.4  ANALYSIS AND DISCUSSION 
 We can estimate the number flux of ions leaving the plasma radially (i) by 
taking the difference between the total heat flux (qbolometer) and the radiative heat flux 
(qrad) and dividing by the ionization energy (iz), assuming that most of the energy 
deposited to the wall is due to ion-electron recombination.   
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At the location z = 52 cm (the most upstream location where we have a full radial density 
profile from Langmuir probe data), this gives a number flux of i = 7.8x1016 
particles/s/cm2.  Performing this calculation at all available data points, interpolating or 
extrapolating over areas of the chamber for which there is no data, and integrating over 
the entire system gives a total radial ion loss of 1.4x1020 particles/s.  This is 5 times the 
neutral particle injection rate into the system at 55 sccm of argon.  In this calculation, for 
the glass tube region in which we do not have photodiode data, we assume that 77 
percent of the measured heat flux is due to ion transport, as was measured in the 
accessible areas.  This suggests that each atom is ionized an average of five times before 
reaching the downstream end of the discharge and leaving the system via the turbopump.   
 Previous measurements of electron current at the grounded downstream endplate 
showed a current of -0.93A, or 5.8x1018 electrons/s.  Thus a significant current loop is 
formed as magnetically well-confined electrons stream along the field lines and strike the 
endplate, causing electron current to flow axially out of the plasma at the endplate, then 
flow radially back into the plasma as electrons from the steel chamber wall recombine 
with ions striking the wall.  The resultant neutrals then travel from the wall back into the 
plasma where they can be re-ionized.  In the grounded stainless steel vacuum chamber 
section, the total integrated radial ion loss rate is 7.6x1019 particles/s, which is a factor of 
13 greater than the axial electron loss rate to the endplate.  The fate of the extra electrons 
is not clear.  These electrons may recombine with ions in the downstream portion of the 
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discharge and leave as neutral atoms, or some may leave the plasma radially along with 
the ions.  Figure 4.13 shows a diagram summarizing these particle losses. 
In order for radial ion diffusion to dominate the radial energy transport, and for each 
particle to be ionized five times, there must be reasonable agreement with the speed at 
which ions leave the plasma (i,r) and the speed at which neutrals can re-enter from the 
wall (th,n).  As an example, we calculate these values from data at the z = 52 cm SPIDR 
location. 
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Here, ne is the measured local electron density (1.2x1012 cm-3) from Langmuir Probe 
data, equal to the ion density assuming quasineutrality.  This gives an effective average 
radial speed of 680m/s.   For comparison, the ion sound speed at these conditions is 
approximately 2500 m/s.  Note that i,r is an average effective velocity, not an actual 
radial velocity of any particular particle, as the ions travel in cyclotron motion about the 
field lines in the bulk plasma.  This calculated value of i,r is supported by recent 
published work[63], in which the authors used Laser Induced Florescence (LIF) 
techniques to measure a radial ion velocity of about 400m/s near the wall of a helicon 
discharge.   
Figure 4.13.  Diagram of particle flow in UT experiment 
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When an ion strikes the wall and recombines to form a neutral atom, the neutral 
atom will leave the wall with a temperature equal to the wall temperature of 
approximately 310 K.  The mean thermal speed of such a particle is given by  
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where kB is Boltzmann’s constant and Mn is the argon atom mass.  This gives a thermal 
speed of 440 m/s, which is comparable to the effective radial ion velocity, and therefore 
the outflux of ions to the wall is comparable to the possible influx of neutrals from the 
wall.  The mean free path for ionization of a neutral at this thermal speed is given by  
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where iz is the collision frequency for ionization for a single neutral atom, given by[56] 
eiziz nK                                                        
Here, Kiz is the ionization rate constant, equal to 4x10-16 m2/s for 3.5eV electrons (ref 
Lieberman p-80).  Using the local measured electron density and temperature at the 
plasma core at z=52cm of 1.1x1013 cm-3 and 3.5eV gives a mean free path of neutrals for 
ionization of 10cm.  At the plasma edge, this value is 1.8m.  Thus the neutral particles are 
able to travel to the plasma core where they may be re-ionized, preserving the center-
peaked density profile.  With the mean free path for ionization of a neutral greater than 
the diameter of the discharge, many neutrals will pass through the plasma and bounce off 
the walls more than once before ionizing. 
Figure 4.14 shows a radial profile of plasma potential at x = 52 cm from Langmuir 
probe measurements.  This data gives an average radial electric field strength (E) of 77 
V/m.  With a magnetic field strength (B) at the plasma edge at this location of 550 G, the 
ExB drift velocity in the azimuthal direction is given by  
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Using this speed to compute the ion Larmor radius (rL) gives  
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This is comparable to the glass tube radius, or the SPIDR measurement location of r = 3 
cm.  Thus little radial diffusion of an ion is necessary before the gyromotion of the ion 
takes it into the wall.  This makes it much easier for cross field diffusion to the wall to 
occur rapidly. 
From Fick’s law, the radial diffusion coefficient is given by: 
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Figure 4.15 shows the radial plasma density profile and density gradient.  Using the local 
value of i and dne/dr at the probe location, we calculate a diffusion coefficient of 18 
m2/s.  The classical diffusion coefficient is given by[56] 
22, Be
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Here, Ti is the average ion temperature which we estimate from the ExB drift speed from 
the following formula 
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Figure 4.14.  Radial plasma potential profile 
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Figure 4.15.  Radial plasma density profile and density gradient 
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The ion collision frequency for momentum transfer (m) is given by 
gn mgm                                                     (4.15) 
Here, ng is the neutral gas number density computed using the ideal gas law from the 
measured neutral pressure with no plasma, m = 10-18 m2 is the cross section for 
momentum transfer for argon ions[64], and g is the average relative velocity of heavy 
particles for collisions, given by: 
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Plugging in our values gives a classical diffusion coefficient of 
D ≈3 m
2/s, a factor of 6 
lower than the observed diffusion coefficient of 18 m2/s.  The enhanced diffusion is likely 
due to aforementioned effect from the ion gyroradius being close to the radius of the 
glass tube/ measurement location.  Alternatively, turbulent fluctuations in the plasma 
could enhance the radial diffusion.  Reference [17] shows experimental evidence from 
the UT helicon system that suggests that the electron collision frequency may be as much 
as 8 times greater than the classical prediction, which supports the observations shown 
here.  This suggests that turbulent fluctuations in the plasma enhance the collision 
frequencies and therefore enhance the diffusion. 
 The relatively small contribution of radiated power to the system power balance 
may be attributed to the optical thickness of the plasma.  As mentioned previously, most 
of the radiated power from the plasma is carried by photons from a few resonant emission 
lines to ground state neutral argon and the argon ion.  The argon neutral lines have 
wavelengths (a)of 104.5nm and 106.7nm.  An approximate expression for the optical 
thickness (a) is given by:[65] 
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Here, ro=2.82x10-15 m-3 is the classical electron radius, Ma is the mass of the argon atom, 
c is the speed of light, Ta is the temperature of the radiating (and absorbing) species, na is 
the density of the radiating species, and d is the plasma diameter.  For a neutral 
temperature and density of 0.5eV and 7x1019 m-3, this gives an optical thickness of 
approximately 200 for the neutral argon lines.  Thus, the plasma is optically thick at these 
wavelengths, and most photons radiated from the core of the discharge do not escape to 
the wall. 
 The high heat fluxes observed directly under the antenna are likely due to 
capacitive coupling of the high voltage antenna to ions in the plasma.  The antenna 
operates at approximately 400VRMS, and the RF frequency is much less than the plasma 
frequency.  Thus, ions can be accelerated by the electric field near the antenna and impact 
the wall with significant kinetic energy.  This notion is supported by observations of 
surface erosion due to physical sputtering directly under the antenna.  The erosion occurs 
only in this region, and has not been observed in other regions of the glass tube. 
   Because the IR camera is unable to view the tube surface directly under the 
antenna, it is possible that heat flux values near the center of the antenna straps may be 
significantly underestimated.  However, an integration of the interpolated values in the 
hidden regions under the antenna straps yields approximately 80W, or 8% of the input RF 
power.  This is a significant portion of the energy balance concentrated in a small area, 
and work presented in Chapter 5 further investigates this phenomenon. 
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4.5  UT SUMMARY 
 From our measurements of each part of the system we see 20 (plus or minus 5) % 
of the input RF power lost in the match network (including antenna resistive heating), 29 
(plus or minus 5) % in the glass tube, 40 (plus or minus 5) % in the vacuum chamber, and 
1 (plus or minus 1) % at the downstream endplate.  This adds to 90 (plus or minus 16) % 
of the total input power.   
In the vacuum chamber region, UV radiation from the plasma amounts to 23 % of the 
power flowing radially to the walls, and particle diffusion to the walls accounts for the 
remaining 77 %.  Thus, particle losses dominate the radial flow of power out of the 
plasma.  Previous experiments on the VASIMR system support this claim.[4, 51]  These 
losses can be minimized by building a source with a stronger, more constant magnetic 
field, or a source shorter in axial length and larger in diameter. 
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Chapter 5 - Capacative Coupling and Etching Experiments 
5.1  INTRODUCTION 
 As mentioned in the VX-50 experiments chapter, it is likely that capacitive 
coupling causes the intense localized heating under the helicon antenna under certain 
conditions.  This chapter describes a set of experiments performed on the University of 
Texas at Austin helicon experiment, which are designed to investigate the phenomenon 
of capacitive coupling by studying surface interactions between the plasma and glass tube 
inner surface.  A discussion follows, which will address the observed phenomena in 
VASIMR and attempt to explain the observations based on the results of the etching 
experiments and develop a physical picture of the processes involved. 
 Physical etching of a surface exposed to a plasma occurs when high energy ions 
impact the surface and impart their kinetic energy to the surface material atoms.  If the 
incoming ion imparts an amount of energy above a certain threshold value, the energy 
can be sufficient to release atoms from the surface.  That is, if the impact raises the 
energy of a surface atom above the binding energy of the solid surface, then the surface 
atom will be sputtered off of the solid and go into the plasma.[66]  The threshold energy 
for this process is approximately 40eV for argon ions on silicon[66] and 35eV for argon 
ions on SiO2 (quartz).[67]  Incoming ions with energies lower than these threshold values 
will not cause etching.   
 After liberation from the surface, sputtered atoms can be re-deposited onto 
another surface by a process known as Physical Vapor Deposition (PVD).[56]  In this 
process, a plasma containing sputtered solid atoms bombards a cold surface onto which 
the sputtered atoms can condense and deposit a thin film of material.  The microscopic 
structure of this deposited film can be highly porous or very smooth, depending on the 
temperature of the deposition surface relative to the melting temperature of the deposited 
material, and the pressure in the discharge.[56]  For our applications, the surface is on the 
order of room temperature (300K-320K).  Our borosilicate glass tube material has a 
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melting point of approximately 1090K, so T/Tmelt is about 0.3.  According to reference 
[56] for our discharge pressure of about 1mTorr we expect the deposited material to be 
almost as dense as the original sputtered material from the tube wall.   
In the bulk plasma of a helicon discharge, the electron temperature is 
approximately 3-5eV.  The ions are much colder, generally assumed to be between room 
temperature and 0.5eV.  Even in a dense, very collisional plasma, the ion temperature 
will not exceed the electron temperature without some external body force which 
accelerates the ions.  We therefore expect very few ions in the bulk plasma to have 
energies sufficient for surface etching.  To make a stronger argument for this, we 
consider a Maxwellian energy distribution (f(E)).[56]   
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Here, E is the particle energy, T is the particle temperature, and kB is Boltzmann’s 
constant.  Figure 5.1 shows a plot of the distribution function for 0.5eV and 3eV 
temperature particles.  This distribution function gives the relative number of particles 
with energy between E and E+dE.  From this, we can find the fraction of particles above 
the threshold energy (Ethr) by integrating the distribution function from the threshold 
energy to infinity. 
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For particles with an average temperature of 0.5eV, integration of the above 
equation yields a fraction of the particles above 35eV threshold energy of 4x10-30.  For a 
typical ion density in our discharge of 1013cm-3, this gives approximately 10-16 particles 
per cubic centimeter that are above the etching threshold energy.  Therefore we can 
conclude that there are essentially no particles in the plasma that are capable of etching 
the tube surface without external acceleration.   
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Some acceleration can occur as particles cross the sheath at the surface in the 
absence of capacitive coupling.  In our experiments, the maximum plasma potential 
measured with Langmuir probes is approximately 11V.  Therefore to cause etching, 
incoming ions crossing the sheath to a grounded wall must have energies greater than 
24eV.  Integrating the Maxwellian energy distribution from 24eV to infinity and 
multiplying by the plasma density gives 10-7 particles per cubic centimeter capable of 
etching, which is still negligible.   We therefore expect etching to occur only in regions 
very close to the antenna, where strong electric fields can accelerate the ions to energies 
above the threshold value.   
In the UT experiment, the helicon antenna operates at a measured voltage of 
approximately 400Vrms at 13.5MHz, or a peak amplitude of 560V.  During the positive 
part of the sinusoidal voltage cycle, the antenna is charged positively and therefore repels 
incoming ions.  Whether or not electrons are drawn to the surface during this part of the 
cycle is irrelevant, as electrons are unlikely to cause etching.  Also, electrons are much 
more highly magnetized in the plasma and their motion may be less affected by the local 
electric fields from the antenna.  During the negative part of the voltage cycle, the 
antenna is charged negatively with a peak value of up to -560V relative to ground.  
During this portion of the cycle, ions entering the sheath are accelerated towards the 
Figure 5.1.  Maxwellian energy distributions 
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antenna by the local electric fields.  Chapter 11 in reference [56] gives a thorough 
analysis of the behavior of particles in sheaths in a capacitive discharge. 
The simplified physical picture given above depends on the ability of the ions to 
react to the rapidly varying RF fields from the antenna.  The ion plasma frequency (pi) 
represents a threshold value for this.   
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Here, e represents the electron charge, ne represents the electron density, o is permittivity 
of free space (8.85x10-12 F/m), and Mi is the ion mass.  At applied frequencies () 
significantly above pi, the ions cannot move quickly enough to respond to the field 
fluctuations, and they move only in response to the time-averaged fields.  For our plasma, 
= 1.356x107 << pi = 7x108, so that the discharge is in the low frequency regime and 
the ions are able to move in response to the time-varying RF fields.  Worded differently, 
ions entering the sheath during the negative portion of the RF cycle are able to transit the 
sheath to reach the wall before the field direction changes.  
 
5.2  ETCH/ DEPOSITION EXPERIMENTS WITH COUPONS 
5.2.1  Experiment Setup 
 The first set of etch/ deposition experiments involved placing sample coupons of 
glass and silicon along the inner edge of the glass tube near the helicon.  Figure 5.2 
shows several samples installed in the experiment under the helicon antenna.  The 
samples consisted of 5mm square by 0.5mm thick coupons of quartz or silicon.  Half of 
the surface on one side of each sample was covered by a 0.1mm thick layer of Kapton 
tape.  Kapton is a polyimide film developed by DuPont, having the chemical formula  
(C22H10N2O5)n.[68]  The tape has a silicone adhesive layer on one side.  According to the 
manufacturer, this material has no melting point, but rather decomposes at 520C.  We 
 97 
therefore cannot predict the morphology or density of any deposited layer of this material 
from PVD processes in the plasma.   
Figure 5.3 shows a close-up view of a single glass sample with the tape in place.  
The tape served as a mask, so that the surface of the sample covered by the tape was not 
exposed to the plasma and thus remained pristine.  The samples were placed inside the 
glass tube in the vicinity of the helicon, with the masked surface facing the plasma.  No 
attachment method was used to secure the samples to the inner wall of the tube, rather the 
Figure 5.2.  Etch/deposition coupon samples in place under helicon antenna 
Figure 5.3.  Single glass etch/deposition coupon. 
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samples simply rested on the bottom surface.  Figure 5.4 shows a map of the locations of 
the samples in relation to the antenna coils for the first experiment, which used silicon 
and quartz samples.  In this figure, samples 1 and 2 consist of P-type doped silicon with 
0.1 Ohm-cm resistivity, and samples 3 and 4 consist of quartz glass.  Figure 5.5 shows 
sample locations for the second experiment, which used quartz samples only.    
  
 
Figure 5.4.  Sample locations for first etch/deposition experiment with Si and quartz 
coupons.  Samples 1 and 2 are silicon, samples 3 and 4 are quartz. 
Figure 5.5.  Sample map for second etch/deposition experiment with quartz 
coupons only. 
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After installation of the samples for the first experiment with quartz and silicon samples, 
the machine operated in 5s plasma pulses at a 15% duty cycle for a total “plasma on” run 
time of 85 minutes.   For the second experiment involving more samples of quartz only, 
the machine operated in 1s plasma pulses at a 10% duty cycle for a total “plasma on” run 
time of 100 minutes.  For all experiments, the magnets operated at 220A current, 
providing an approximate field strength of 600G, pointing in the upstream direction.  The 
gas flow rate remained constant at 50sccm of argon.  Optical spectrometer measurements 
of the plasma emission spectra taken downstream at the first and second windows show 
no detectable impurities, except a small amount of hydrogen, which is likely from 
residual water in the vacuum chamber.  Therefore, any local impurities in the plasma 
could only have originated from the samples or the tube wall.  These were cleaned 
thoroughly with isopropanol before installation, so were not likely to contribute 
significant impurities to the plasma, other than what may have been sputtered or 
sublimated off of the surface by plasma exposure, to be re-deposited nearby. 
After plasma exposure, the samples were removed from the chamber, and the 
Kapton mask was removed from each sample.  The surface height profile was then 
mapped for each sample using a WYKO RST Plus optical profilometer, courtesy of the 
Institute for Advanced Technology at the University of Texas at Austin.  This device uses 
optical interferometry to measure 
the three-dimensional height 
profile of a surface.  From this 
height map of the sample surface, 
we can determine the depth of 
the material that was removed 
via plasma etching or deposited 
by the plasma by measuring the 
height of the “step” formed at the 
edge of the Kapton mask.  Figure 
5.6 shows a typical 3D surface 
Figure 5.6.  3D surface height map from profilometer 
showing mask location and deposition. 
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height map from the WYKO profilometer, which clearly shows the step.  We then can 
calculate the etch rate or deposition rate by dividing the step height by the total run time.    
 
5.2.2  Results from first experiment with Si and quartz 
 The silicon samples (1 and 2) showed no etching or buildup at the mask edge.  
Figure 5.7 shows a surface height color map for sample 1, along with a 1D profile along a 
horizontal line.  The units on the vertical axis are in nm.  We see no step up or down, 
however we do see a trench between 300-600nm deep along the mask edge.  The results 
are similar for sample 2.  Figure 5.8 shows similar information for sample 3 (quartz).  
Here we see a step up at the mask edge, indicating a buildup of material, rather than an 
etching process.  The buildup is approximately 40nm thick.  This gives a deposition rate 
of just under 2nm/minute.  We do not know the composition of the deposited material.  It 
is not visible to the naked eye – the quartz samples appear perfectly translucent.  Figure 
5.9 shows profilometer data for sample 4.  This sample shows a smaller buildup (~15nm), 
however the entire sample surface appears to have a convex curvature.  We do not know 
if this existed before plasma exposure, or if the sample was heated past the softening 
point and deformed slightly while in the chamber.  Given that the other quartz sample 
appears flat, as well as several other quartz samples from previous experiments (all cut 
from the same plate), the latter is likely. 
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Figure 5.7.  Sample 1 from first deposition experiment profilometer data 
Figure 5.8.  Sample 3 from first deposition experiment profilometer data 
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Figure 5.9.  Sample 4 from first etch experiment profilometer data 
Figure 5.10.  Sample 1 from second deposition experiment profilometer data 
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 5.2.3  Results from second experiment with quartz only 
 In this experiment, none of the samples showed any etching after plasma 
exposure.  However, many of the samples showed significant deposition of material.  
Figure 5.10 shows a height contour map with a 2D plot for sample 1, which showed the 
greatest average deposition of 770nm.  This corresponds to a deposition rate of 
7.7nm/min.  The figure also includes the 2D surface height plots along the vertical and 
horizontal lines shown in the contour plot which were used to determine the step height.  
Figures B.1 through B.10 in Appendix B show this data for samples 1 through 10 along 
with 3 dimensional images of the surface profiles.   
 The average deposition rate decreased in the downstream direction.  Table B.I in 
Appendix B shows the measured mean deposition depth for each sample, along with the 
maximum and minimum measurements from different locations along the step.  Figure 
5.11 shows a plot of deposition depth vs. z for all the samples, where z=0 is the location 
of the upstream-most sample.  The plot includes an exponential fit to the data, which 
shows reasonable agreement with the trend of decreasing depth.   
Figure 5.11.  Deposition depth vs. z for second deposition experiment 
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5.3  GLASS TUBE WALL ETCH EXPERIMENT 
5.3.1  Experimental Setup 
 This experiment directly measured the etch/ deposition depth of the inner wall of 
the Pyrex glass tube.  A new, clean tube was used for this experiment so that no damage 
from previous plasma exposure would be visible.  As shown in Figure 5.12, the 
configuration was slightly different from all experiments previously mentioned in that the 
glass tube was extended to replace the stainless steel vacuum chamber downstream, 
except the downstream-most flange where the turbopump attached.  The total length of 
the discharge remained the same, as did the antenna location with relation to the upstream 
tube end and magnet locations. 
Figure 5.12.  Long glass tube configuration and Kapton mask strips 
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As in the coupon experiments, Kapton tape served as a masking material.  For this 
experiment, three strips of tape approximately ¼” x 12” were adhered to the inside 
surface of the tube, oriented with the long dimension in the axial direction and roughly 
equally spaced azimuthally.  Figure 5.12 shows a photograph of the experimental setup, 
showing the long tube configuration and the installed Kapton masks.  We accomplished 
the installation of the tape strips by adhering one long edge of each strip to the edge of a 
long flat piece of glass (approximately 1/8”x  1” x 36”).  The glass strip was inserted into 
the tube until reaching the desired axial location, then the Kapton was “rolled off” of the 
strip and onto the tube inner surface, and then pressed down to remove any air bubbles 
with the edge of the glass strip. 
The discharge operated at 50sccm, approximately 600G magnetic field pointing 
toward the upstream end, and fired 1s pulses of approximately 1kW RF power (measured 
at the generator) at a 10% duty cycle.  The discharge operated for a total run time 
(“plasma on”) of 35.3 minutes.  
After the plasma operations were complete, the glass tube was removed and 
locations of interest were marked for cutting.  Figure 5.13 shows a composite image of 
the tube surface in the location of the helicon, which shows the locations of the samples 
to be cut.  This image was obtained by photographing the tube surface, rotating the tube 
about its axis approximately 30 degrees, photographing again, then repeating.  The 
images were then stitched together using Canon Photostitch software to form the 
composite image.  The antenna location is also marked in the image, and there is a small 
amount of overlap at the top and bottom of the image where part of the tube surface is 
repeated.  This is to ensure that the entire surface was captured in the image. 
A coupon of glass at each sample location was cut from the tube using a diamond 
blade band saw with no cutting fluid.  The Kapton masks were then removed and each 
sample surface was imaged using the WYKO RST Plus optical profilometer. 
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Figure 5.13.  Sample map composite tube image for etch experiment 
Figure 5.14.  composite tube image showing no deposition under antenna 
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5.3.2  Glass tube wall etching results 
 Figure 5.14 shows a composite image of the glass tube after plasma exposure, 
before cutting.  This figure shows similar information as Figure 5.13, but without the 
sample locations for clarity.  The location marked “Hi V” indicates where the antenna 
connects to the driving terminal of the RF match network, and the arrows show the 
direction of a path along the antenna from this terminal to the grounded terminal.  The 
“Lo V” marker indicates the end of the antenna closest to the ground terminal in the 
match network.  Parallel copper plates connect the driven and grounded straps to the 
match network.  These plates overlap in the location of the dotted lines at the upstream 
strap, with the ground strap being farther from the tube surface.  Figure 5.15 shows a 
close-up view of the installed antenna, which shows how the straps are attached to the 
driven and grounded terminals. 
 
 
 
 
 
 
 
 
 
 
 
 Figures 5.13 and 5.14 show a pattern of deposited orange material in the vicinity 
of, and downstream of the antenna.  Deposition of material of this color has not been seen 
previously on any of our helicon experiments, and we can thus conclude that the orange 
material is the result of sputter deposition of sputtered Kapton.  It is also clear from the 
figure that none of this deposited material exists under the antenna.  This is our first 
indication that material is etched from directly under the antenna and re-deposited 
Figure 5.15.  Antenna close-up photo 
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elsewhere.  Figure 5.16 shows a close up of one of the Kapton strips in a location directly 
under one of the antenna straps.  This shows damage to the Kapton under the antenna, 
and no visible damage to the Kapton in the surrounding area.  The results are similar for 
most of the other locations where the antenna passes over the Kapton strips.  Downstream 
of the antenna, the deposited material forms a distinct pattern.  It is not clear, however 
whether this pattern is due to preferential flow directions within the plasma, or if it is 
because the source of the sputtered material in the plasma comes from a few small areas 
where the Kapton strips cross the antenna.  A useful future experiment would involve 
placing a source of sputtering atoms in the center of the discharge, near the upstream end 
in order to ensure more uniform distribution of the sputtered material in the plasma. 
  
 
 
 
 
 
 
 
 
 
 
 
 
One important result from the deposition pattern is the fact that no deposited orange 
material exists on the tube surface far downstream.  The deposition visible in Figure 5.13 
is the extent of the deposition.  This supports our conclusions from chapter 4, which state 
that ions diffuse to the wall quickly and neutralize before traveling far downstream. 
 Because all of the samples were cut directly from the glass tube, each sample 
surface is curved with the radius of curvature of the tube.  The WYKO Vision Plus 
Figure 5.16.  photo of Kapton etch damage 
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software, (used to record the profilometer data and produce the plots shown in the 
figures), also removed this cylindrical curvature.  Figure 5.17 shows a 3D plot from the 
software, with and without the curvature correction.  Note that while the bulk curvature is 
effectively removed, the sample surface appears to have significant tilt.  This is more 
apparent in the 2D plots shown in Figure 5.18.  This tilt does not affect our ability to 
gather useful data about the etch or deposition depth, as we are only concerned about the 
height of the step at the mask edge.  The tilt is therefore simply an artifact of the data 
analysis and should not be interpreted as physical phenomenon associated with etching. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17.  3D plots of curvature correction for profilometer data of tube surface 
Figure 5.18.  2D plots of curvature correction for profilometer data of tube surface 
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The optical profilometer results show clear etching on most of the samples under 
the antenna straps, and they show no etching in any samples not located under the 
antenna.  Many of the samples away from the antenna show deposition.  Table 5.I shows 
the measured etch or deposition depth for all of the samples.  Samples 6 and 9 were 
destroyed during the cutting process.  Figure 5.19 shows a 3D image from the 
profilometer, which clearly shows the step at the edge of the Kapton mask location.  
Figure 5.20 shows a contour plot and 2-dimensional plots in the x and y directions, which 
quantitatively show the step height.  This data was taken from sample 7, which is located 
under the antenna.  Visible in the x-plot in this figure, a small trench exists at the bottom 
edge of the step, and a small peak exists at the top edge.  The reason for this is unknown, 
but it is possible that a high local concentration of etched mask material (containing 
oxygen, nitrogen and carbon atoms) enhances the etching at this surface.   
Table 5.I.  Etch and deposition depths for glass tube etching experiment 
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Figure 5.19.  Sample 7 3D profilometer plot showing etching under 
antenna 
Figure 5.20.  Sample 7 2D profilometer plot showing etching under antenna 
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 Figures 5.21 and 5.22 respectively show 3D and 2D plots from the profilometer 
data for sample 15, which is located away from the antenna, in a region of observed 
deposition of orange material.  The surface that was protected by the Kapton mask 
appears clean and smooth, while the exposed surface appears very rough.  The exposed 
surface also appears higher than the masked surface, indicating deposition of material.  
The measured deposition depth for this sample is approximately 0.5m.  The deposited 
layer of orange material was very fragile, and could easily be scraped off with a human 
fingernail.  It is highly likely, therefore, that the deposited layer was damaged during the 
cutting of the samples, during which dust from the glass cutting covered the samples and 
had to be brushed off.  Therefore, we cannot accept the measured deposition depths for 
samples with deposited material for quantitative analysis.  We can, however, qualitatively 
use the data to show which samples collected deposited material and which samples did 
not.  The exposed surface of the samples which showed etching appear smooth and their 
profilometry results did not change after purposeful scratching with a fingernail.  We will 
therefore use the quantitative results from the etched samples. 
 Figures B.11 through B.31 in Appendix B show 3D and 2D profilometer data for 
all of the samples in this experiment, with the exception of samples 6 and 9, which were 
lost during cutting.   
 113 
 
 
Figure 5.21.  3D profilometer plot showing deposition 
Figure 5.22.  2D profilometer plot showing deposition 
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5.4  DISCUSSION 
 To summarize the key results of the etching experiments, we have observed 
etching only on the glass tube surface directly under the antenna.  The coupons placed 
inside the glass tube under the antenna did not show etching.  As mentioned at the 
beginning of this chapter, the ions in the plasma will not have energies above the 
threshold for etching unless they are accelerated by an outside source.  The only outside 
source in the system is the high voltage of the helicon antenna.  We can therefore 
conclude that capacitive coupling of the antenna to the plasma is responsible for 
accelerating ions to the wall under the antenna and causing etching.   
 In order for this to happen, the antenna must drive the inner surface of the glass to 
a high voltage.  The antenna is wrapped tightly with fiberglass tape, and in most places 
fits tightly against the outer glass tube surface.  Thus there are at least two layers of 
dielectric material between the antenna and the plasma.  Provided the fit is tight, the 
layers should be in good electrical contact with one another, and the RF antenna voltage 
(or a significant fraction of the voltage) can be present at the inner tube surface.  The 
plasma near the surface then forms a high voltage sheath, across which the ions 
accelerate to reach the surface with high energy. 
 The high-voltage sheath thickness (s) is given by the Child Law as[56]: 
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Here, Vo is the voltage at the wall (taken to be the maximum peak antenna voltage of 
560V), and Ds is the electron Debye length at the sheath edge, given by [54]: 
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Here, ns represents the ion density at the sheath edge, which we will take to be a factor of 
5 below Langmuir probe measured density at the plasma core in the helicon region, based 
on the radial drop observed in downstream locations.  This value is then ns ≈ 3x1012 cm-3, 
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which yields a Debye length of approximately 7m.  This yields a sheath thickness of s ≈ 
0.3mm. 
 The transit time for an ion to pass through the sheath is given by [56]:  
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Here vo is the characteristic ion velocity in the sheath, given by the following formula, 
which assumes that the initial ion energy is small compared to the accelerating voltage 
(Vo), so that the ion enters the sheath with essentially zero velocity [56].   
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For our assumed conditions, this gives a sheath transit time of i ≈ 10-8 s.  This is 
significantly faster than the RF period, which reconfirms our earlier statement based on 
the plasma frequency.  Thus we can assume that during the negative part of the RF 
voltage cycle, the ions in the sheath travel unimpeded as in a high voltage DC sheath. 
 The sample coupons which were placed in the discharge were approximately 
0.5mm thick, which is much larger than the plasma sheath.  Since these flat samples 
lightly rested on the curved tube inner surface, they likely did not have good electrical 
contact with the tube glass.  Therefore, we would not expect the surface of the samples 
facing the plasma to charge to high potentials along with the tube surface.  Since the 
samples were much thicker than the sheath and not charged to high voltage, they protrude 
above the high voltage accelerating sheath and therefore are not subject to etching.  
Because these samples are not etched and are located very close to areas of the tube 
surface that do etch, they are exposed to a large flux of sputtered ions from the tube 
surface and therefore exhibit significant sputter deposition. 
 For the etched regions, we can estimate the sputtering yield (sput = atoms 
sputtered from the target surface per incident argon ion) from equation 9.3.14 in 
reference [56]. 
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Here, Ei is the incident ion energy, Ethr is the threshold energy for etching (≈35eV), and 
Et is the binding energy of the atoms in the solid target material (an average of roughly 
4eV from reference [56]).   
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In this formula, Zi and Zt respectively represent the atomic numbers of the incident argon 
ions and the target surface atoms.  Since our glass target surface is composed of multiple 
species (Si, O, B, etc.), we will use an average value of Zt = 10 for a rough 
approximation.  According to reference [56], the sputter yield for 600V Argon ions on 
SiO2 is 1.34.  The above formula gives a value of 0.85 for ions of this energy.  The 
discrepancy is likely due to the polyatomic nature of the surface, since the formula is 
derived for target surfaces composed of a single species.  However, the scaling with ion 
energy should hold.  Therefore, for the purposes of this analysis, we will scale the sputter 
yield to give the published value at 600V.  For the maximum ion energy in our system of 
560V, this gives a sputter yield of 1.28.  Figure 5.23 shows a plot of the sputter yield 
versus ion energy with the applied forced scaling. 
Figure 5.23.  Sputter yield vs. ion energy 
 117 
 From this calculated value of sputter yield, we can roughly back-calculate the flux 
of high energy ions to the wall, which are responsible for etching during the negative 
portion of the RF cycle.  The density of Pyrex glass is 2.23g/cm3, which corresponds to 
roughly 2x1023 atoms/cm3 (atomic).  The incident ion flux is then given by: 
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From the profilometer data on all samples that showed etching, the average measured 
etch depth was 3.7m.  This corresponds to an etch rate of 1.7nm/s. 
 Because the antenna voltage is sinusoidal, etching will not occur for at least half 
of the cycle, and the energy per particle will be less than 560V for all times except at the 
very peak of the waveform.  In order to calculate the average ion flux (averaged over the 
RF cycle), we must calculate an average value for the sputter yield.  Also, in order to 
compare the ion flux from the etch data with IR camera data for heat flux, we must first 
obtain a meaningful value of average energy per particle.  From reference [56], for a high 
voltage sheath in a low frequency RF capacitive discharge with no bias voltage, the 
following equation gives the distribution of the bombarding ion energy for the negative 
portion of the RF cycle. 
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Here, VRF is the amplitude of the RF voltage (560V), and uB is the Bohm, or acoustic 
velocity of the ions, given by: 
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This distribution is plotted in Figure 5.24.  We will assume that during the positive 
portion of the cycle, no etching occurs, and the incoming ion energy is effectively zero.  
Therefore, half of the particles in the distribution will have zero energy, which is included 
in the figure.  This is somewhat of an over-simplification, because the electrodes in a 
capacitive discharge (or the glass surface in our case) can build up self-bias due to 
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asymmetries in the discharge and preferential flux of charged particles to one surface or 
another.  In this case, the threshold for etching would be shifted by the bias voltage and 
the minimum energy of bombarding ions would equal this value.  Since our geometry is 
significantly different from that used in the capacitive discharge models, and the plasma 
heating is due primarily to the helicon wave mode and not the capacitive coupling, we are 
likely to have a different scenario.  Furthermore, any natural bias voltage that develops 
should be of much less than VRF, which makes this assumption a reasonable 
approximation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The mean value of sputter yield  over the RF cycle is found by integrating the 
distribution: 
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Here gi includes a delta function at zero energy to force half of the distribution to have 
zero energy.  Plugging this in to find the ion flux yields i = 7x1016 particles/s/cm2. 
Similarly, the following expression gives the mean ion bombarding energy: 
Figure 5.24.  Ion bombarding energy distribution for 560V RF voltage amplitude 
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From IR camera data taken on the UT helicon, the peak measured value of heat 
flux to the wall under the antenna is approximately 0.8W/cm2.   Using the same 
methodology as in chapter 4, and assuming the calculated mean energy per particle of 
175eV gives a value of i = 3x1016 particles/s/cm2.  This is reasonable agreement 
between the two calculations, given the many assumptions made in this analysis.  The 
fact that the two calculations produce an ion flux estimate of the same order of magnitude 
strongly supports the physical model presented here for the presence of capacitive 
coupling. 
In the VASIMR experiments, the strong localized heating associated with 
capacitive coupling only appeared on the upper surface of the glass tube, where the 
antenna touches, or nearly touches, the outer tube surface.  If the antenna directly touches 
the glass, it can impart a strong RF voltage onto the surface.  As discussed above, this 
will cause capacitive coupling in this region.  This could also occur to a lesser extent if 
the antenna does not actually touch the tube surface here, but lies in very close proximity, 
as the strong fields very close to the antenna surface can induce voltages on the dielectric 
glass surface. 
The VASIMR IR camera results showed significant capacitive coupling only for 
very strong fields and very low flow rates, which was enhanced by the use of a lighter 
gas.  In VASIMR, the antenna operates at around 120VRMS , which is significantly lower 
voltage than the 400VRMS UT helicon, even though the power levels are 10 times higher.  
Thus, we would expect the capacitive coupling effect to be much weaker in this system.   
For a constant power, the antenna voltage remained relatively constant as 
magnetic field, gas flow, or gas type changed.  Figure 5.25 shows an example of this by 
plotting the average RMS antenna voltage during the discharge versus magnet 2 current 
for argon and neon.  This figure shows only a moderate increase in voltage as the field 
changes, not a significant enough increase to explain the onset of capacitive coupling at 
the higher fields.   
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A likely explanation for the onset of capacitive coupling under certain conditions 
has to do with the coupling efficiency of other modes.  For nominal operating conditions, 
the inductive and helicon wave modes are many times more efficient than the capacitive 
mode for transfer of power from the antenna to the plasma.  For higher magnetic field, 
lower flow rate, and lighter gas, the plasma is more magnetized and more hot particles 
move out of the helicon region without collisions.  This may impair the helicon and 
inductive coupling modes.  If it becomes more difficult to couple energy through these 
modes, and power remains constant, then the power coupling into other modes must 
become proportionately stronger.  The capacitive mode, which is always present in the 
plasma [21, 30], must then become more pronounced, as a significant amount of power 
now enters the plasma locally by this mechanism. 
 
 
 
 
 
 
 
 
 
 
 
 
 
A potential solution for the capacitive coupling problem is presented in reference 
[21].  In this work, the authors place a metallic Faraday shield between the antenna and 
glass tube.  The results show a dramatic reduction in asymmetries in plasma brightness 
due to the presence of capacitive coupling.  This may, however, decrease the overall 
efficiency of the antenna.   
Figure 5.25.  Antenna voltage for VASIMR magnet 2 scan 
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Chapter 6 – Summary and Future Work 
 
 This thesis has presented experimental results from three significantly different 
helicon systems, all of which agree that the power loss from a helicon plasma is 
dominated by the radial flux of particles to the wall of the discharge.   
The IR camera diagnostic allows the inferral of the heat flux distribution from the 
plasma to the inner wall of the glass tube.  For the VX-50 and UT experiments, this is 
accomplished by viewing the temperature distribution of the outside surface of the tube 
and calculating the necessary energy, based on geometry and material properties, to raise 
each pixel by the observed temperature rise.  Calibration is performed by comparing IR 
camera measured temperatures against thermocouples.  For the UT helicon, the camera 
views the outer glass tube surface directly.  In the VX-50 experiment, the camera views 
the tube image through an IR-transmissive ZnSe window, and reflected off an IR gold 
surface mirror.  For the VX-CR experiment, the camera views a portion of the tube inner 
surface through two ZnSe windows and reflected from a gold mirror. 
The SPIDR diagnostic, developed for the UT helicon experiment, contains a 
bolometer probe and a UV photodiode.  The bolometer probe measures total radial heat 
flux at a specific location, while the photodiode measures only the photon radiation 
component.  These probes are mounted to an axial probe drive that allows movement 
axially along the vacuum chamber up to the downstream end of the glass tube, at a radial 
location equal to the inner tube radius.   
The VASIMR VX-50 experiment uses a 10kW helicon source with a tapered 
magnetic field downstream, variable field strength at the helicon from 1210 G to 3210 G, 
and gas flow rates from 300sccm to 1100sccm.  At nominal operating conditions, about 
1/3 of the input RF power is deposited in the glass tube.  In this experiment, the overall 
heating of the 9 cm diameter glass tube containing the plasma increases with lower 
magnetic fields and higher gas flow rates, indicating that a less magnetized plasma causes 
more wall heating.  This suggests that cross-field diffusion of ions dominates the power 
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loss from the plasma in this region.  Furthermore, the power delivered to the wall, and 
therefore the radial particle flux, follows a Bohm diffusion trend with changing magnetic 
field, suggesting that perhaps turbulent transport enhances the cross field diffusion to the 
wall. 
The VASIMR VX-CR experiment in Costa Rica uses a similar tube diameter and 
similar power levels as the VX-50.  In this device, however, the tube is significantly 
shorter, and the magnetic field is stronger, having strength from 3400 G to 8800 G.   Gas 
flow rates vary from 100sccm to 900sccm.  Measurements performed on the VX-CR 
demonstrate the use of the IR camera diagnostic to view the inside surface of the 
dielectric tube in a spatially much more restrictive configuration.  The results from these 
experiments are preliminary, but show reasonable agreement to the VX-50 data.  
However, the results show somewhat less power deposited in the tube, with a weaker 
effect of varying magnetic field.  This is likely due to the stronger fields and shorter 
(lower aspect ratio) geometry, which better confines the plasma and allows it to escape 
axially more rapidly. 
The UT helicon experiment uses a 1kW helicon over a 6cm diameter glass tube, 
with 50sccm gas flow rate and 600G magnetic field.  Experiments performed on this 
device demonstrate the use of the IR camera in conjunction with bolometer and 
photodiode probes to obtain an overall power balance, with 20% lost in the matching 
network, 30% lost to the glass tube wall, and 40% lost radially in the vacuum chamber.  
Included in the glass tube loss is heating directly under the antenna due to bombarding 
ions, accounting for 8% of the input power.  The local heat flux varies strongly with 
magnetic field, and comparison of photodiode data to bolometer data indicate that photon 
radiation accounts for an average of 23% of the total radial power loss.  This shows that 
most of the radial power loss is due to cross field transport of ions, with each ion reaching 
the wall, recombining, and then re-ionizing about 5 times.  This gives a radial diffusion 
coefficient approximately 6 times the classical value, which agrees with previous 
work[17] and again suggests that turbulent transport causes enhanced diffusion. 
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A final series of experiments performed on the UT helicon study the phenomenon 
of capacitive coupling of ions around the helicon antenna.  These experiments measure 
the etch rate of the glass under the antenna at various locations and observe the re-
deposition of sputtered Kapton mask material on the tube surface away from the antenna.  
The results show etching under the antenna, but not in the surrounding regions.  This 
indicates that ions accelerate towards the high voltage antenna and impact the wall with 
high enough energies to cause etching.  Calculated ion flux values from the etch rate 
roughly agree with fluxes calculated from IR camera data. 
The new understanding of the power flow out of helicon plasmas gained from this 
work can be used to improve helicon source designs for thruster applications.  The radial 
loss of ions to the wall can be minimized by constructing a source with a stronger, more 
uniform magnetic field, in order to confine the particles better.  Radial losses will also be 
significantly lower in a shorter, larger diameter dielectric tube, which will allow particles 
to leave the source axially before they can move radially far enough to reach the wall.  
The use of a lighter gas can also significantly reduce the radial particle losses, as the 
lighter ions are better confined by the magnetic field.  For a thruster application, the 
lighter ions carry less momentum and will thus produce less thrust, but allow for higher 
specific impulses.  This may or may not be desirable depending on the thruster 
requirements. 
The lifetime-limiting etching of the tube wall due to capacitive coupling can be 
potentially reduced by increasing the spacing between the antenna and tube surface, or by 
adding a faraday shield between the tube and antenna.  This can also be reduced if the 
antenna can be designed to operate at lower voltages or higher frequencies.  At very high 
frequencies (at least an order of magnitude greater than currently used), the transit time 
for an ion to cross the sheath and reach the wall will be greater than the RF period.  In 
this regime, the ions respond only to the time-averaged fields, and the flux of high-energy 
ions to the surface can be greatly reduced. 
Future work in this area should focus on identifying the physical mechanism by 
which the radial transport is increased above the classical predictions, and learning how 
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to control the damage due to ion etching.  Quantitative measurements of turbulent field 
fluctuations in the plasma may be useful for determining whether some form of 
turbulence enhances the transport.  Future etching experiments should systematically 
vary the dielectric material, antenna spacing, and antenna voltage and frequency, to 
explore how the etch rates change in response to these parameters.  These studies should 
be accompanied by plasma density and temperature measurements to simultaneously 
quantify the change in helicon performance, a decrease in which will likely accompany 
decreased wall damage. 
Also, understanding how the thermal phenomena scale with experiment size is 
very important, as future helicons for thruster applications may be significantly larger.  
The three helicons studied in this work were sufficiently different in size, aspect ratio, 
antenna design, field strength, and plasma density, that we cannot make any strong 
statements about the size scaling.  Scaling effects can be studied by measuring the heat 
fluxes in sources of systematically varying diameter and length.  Again, such 
measurements should be accompanied by plasma density and temperature measurements 
to determine the effect on source performance. 
It is the author’s hope that research will continue in this area, and that helicon 
plasma thrusters will someday propel spacecraft to distant planets.      
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Appendix A – VX-50 Experimental and Magnetic Field Configurations 
and Heat Flux Maps 
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Table A.I.  experimental test parameters for each test series.  
  
M1 refers to the current in the upstream-most magnet, M2 refers to the next magnet in the 
downstream direction, etc. 
 
B-field magnitude scan 8-7-06  Argon.  100C camera range 
Shot # Helicon B 
field (T) 
Mirror 
ratio 
M1 (A) M2 (A)  M3 (A) Gas flow 
(sccm) 
RF pwr 
(kW) 
10 .132 3.79 175 175 940 490 4.8 
09 .188 3.78 250 250 1350 580 4.8 
06* .255 3.73 340 340 1800 760 4.0 
11 .353 3.74 470 470 2500 1000 4.9 
* this shot had 50C range on IR camera, making the data unusable. 
 
Magnet 2  (B-field profile) scan 8-7-06  Agron.  100C camera range 
Shot # Helicon B 
field (T) 
Mirror 
ratio 
M1 (A) M2 (A)  M3 (A) Gas flow 
(sccm) 
RF pwr 
(kW) 
12 .121 6.93 300 100 1600 700 5.2 
13 .173 4.86 300 200 1600 700 5.6 
14 .226 3.73 300 300 1600 700 5.4 
15 .278 3.05 300 400 1600 700 5.0 
16 .330 2.58 300 500 1600 700 4.7 
17 .382 2.23 300 600 1600 700 5.0 
 
*100C range on IR camera 
 
Magnet 2  (B-field profile) scan 8-10-06  NEON.  200C camera range 
Shot # Helicon B 
field (T) 
Mirror 
ratio 
M1 (A) M2 (A)  M3 (A) Gas flow 
(sccm) 
RF pwr 
(kW) 
01 .121 6.93 300 100 1600 700 11.0 
02 .173 4.86 300 200 1600 700 9.9 
03 .226 3.73 300 300 1600 700 10.2 
05 .278 3.05 300 400 1600 700 11.2 
04 .330 2.58 300 500 1600 700 10.9 
06 .382 2.23 300 600 1600 700 10.6 
 
Magnet 1  (B-field profile) scan 8-7-06   Agron.  100C camera range 
Shot # Helicon B 
field (T) 
Mirror 
ratio 
M1 (A) M2 (A)  M3 (A) Gas flow 
(sccm) 
RF pwr 
(kW) 
18 .209 4.03 100 300 1600 700 4.8 
19 .217 3.88 200 300 1600 700 4.9 
14 .226 3.73 300 300 1600 700 5.4 
20 .234 3.61 400 300 1600 700 4.9 
Magnet 2  (B-field profile) scan 8-9-06  Agron.  200C camera range. higher power 
Shot # Helicon B 
field (T) 
Mirror 
ratio 
M1 (A) M2 (A)  M3 (A) Gas flow 
(sccm) 
RF pwr 
(kW) 
05 .121 6.93 300 100 1600 700 10.6 
04 .173 4.86 300 200 1600 700 9.9 
02 .226 3.73 300 300 1600 700 10.6 
06* .278 3.05 300 400 1600 700 10.4 
07 .330 2.58 300 500 1600 700 10.5 
08 .382 2.23 300 600 1600 700 10.6 
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21 .242 3.49 500 300 1600 700 5.0 
22 .250 3.38 600 300 1600 700 5.1 
Table A.I continued 
 
Magnetic Mirror ratio scan 8-9-06   Agron.  200C camera range 
Shot # Helicon B 
field (T) 
Mirror 
ratio 
M1 (A) M2 (A)  M3 (A) Gas flow 
(sccm) 
RF pwr 
(kW) 
10 .225 5.59 260 260 2400 700 10.5 
12 .226 4.66 280 280 2000 700 10.8 
11 .226 3.73 300 300 1600 700 10.9 
09 .226 2.81 320 320 1200 700 10.7 
 
Gas flow rate scan 8-8-06   Agron.  100C camera range 
Shot # Helicon B 
field (T) 
Mirror 
ratio 
M1 (A) M2 (A)  M3 (A) Gas flow 
(sccm) 
RF pwr 
(kW) 
07 .226 3.73 300 300 1600 1100 4.2 
06 .226 3.73 300 300 1600 900 4.2 
05 .226 3.73 300 300 1600 700 4.5 
08 .226 3.73 300 300 1600 520 5.3 
09 .226 3.73 300 300 1600 300 5.2 
 
Gas flow rate scan 8-9-06   Agron.  200C camera range. higher power 
Shot # Helicon B 
field (T) 
Mirror 
ratio 
M1 (A) M2 (A)  M3 (A) Gas flow 
(sccm) 
RF pwr 
(kW) 
14 .226 3.73 300 300 1600 1100 10.7 
13 .226 3.73 300 300 1600 900 10.8 
11 .226 3.73 300 300 1600 700 10.9 
16 .226 3.73 300 300 1600 520 10.7 
15 .226 3.73 300 300 1600 300 10.7 
 
RF Helicon Power scan 8-8-06   Agron.  100C camera range 
Shot # Helicon B 
field (T) 
Mirror 
ratio 
M1 (A) M2 (A)  M3 (A) Gas flow 
(sccm) 
RF pwr 
(kW) 
10 .226 3.73 300 300 1600 700 4.7 
11 .226 3.73 300 300 1600 700 4.9 
12 .226 3.73 300 300 1600 700 5.2 
1** .226 3.73 300 300 1600 700 7.6 
15* .226 3.73 300 300 1600 700 10.2 
16* .226 3.73 300 300 1600 700 11.0 
17* .226 3.73 300 300 1600 700 14.2 
*200C range on IR camera 
**shot taken on 8-9-06 
 
RF Helicon Power scan 8-10-06   NEON.  200C camera range 
Shot # Helicon B 
field (T) 
Mirror 
ratio 
M1 (A) M2 (A)  M3 (A) Gas flow 
(sccm) 
RF pwr 
(kW) 
09 .226 3.73 300 300 1600 700 5.4 
08 .226 3.73 300 300 1600 700 8.1 
07 .226 3.73 300 300 1600 700 13.9 
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Figures A.1 through A.6 show magnetic field contour lines and plots of centerline 
field strength vs. z along the machine axis for different levels of current in magnet 2.  
Figures A.7 through A.12 show these plots for different magnet 1 currents.  Figures A.13 
through A.15 show these plots for different magnetic mirror ratios with approximately 
the same field strength at the helicon, created by varying the current in all three magnets.  
This data is the output of a numerical magnetostatic simulation code developed by 
Andrew Ilin of Ad Astra Rocket Company in Houston, TX.  The contour plots are 
superimposed over a diagram of the experiment cross section.  Flow is from left to right 
in the images.  The magnets are represented by the four green rectangles in order of M1 
to M4 from left to right, with the current in Amperes applied to each magnet shown in the 
yellow box inside and near the top of each magnet.  The downstream-most magnet, 
magnet 4, is shown in the image, but does not operate in any of our experiments.  
Therefore the current in the magnet 4 box always reads zero.  The helicon antenna 
location is shown near the center of the second magnet.  The glass tube location is shown 
by straight lines under the first two magnets and tapered lines for the tapered section 
between M2 and M3.  The colored boxes in between the field lines plot ant the field 
strength vs. z plot show the magnetic field strength along the centerline at specific 
locations, marked by vertical lines on both plots of corresponding colors.  The middle 
box gives the field strength at the center of the helicon. 
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Figure A.2.   200A in magnet 2 
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Figure A.1.  100A in magnet 2 
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Figure A.3.   300A in magnet 2 
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Figure A.4.   400A in magnet 2 
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Figure A.5.   500A in magnet 2 
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Figure A.6.   600A in magnet 2 
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Figure A.7.  100A in Magnet 1 
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Figure A.8.  200A in Magnet 1 
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Figure A.9.  300A in Magnet 1 
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Figure A.10.  400A in Magnet 1 
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Figure A.11.  500A in Magnet 1 
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Figure A.12.  600A in Magnet 1 
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Figure A.13.  Mirror ratio of 2.81.  Magnetic field at helicon = 0.227T. 
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Figure A.14.  Mirror ratio of 3.74.  Magnetic field at helicon = 0.226T. 
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The following figures show heat flux maps of the glass tube surface for the 
different parameter scans.  These plots are uncorrected for the hidden regions beneath the 
antenna coils, showing the cold antenna surface.  Each figure has several sub figures, 
each showing the heat flux map for a particular set of parameters, listed on the sub figure.  
All sub figures in each figure are of the same color scale, and a single colormap is shown 
for each figure.  The units associated with the colormap are W/cm2. 
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Figure A.15.  Mirror ratio of 4.66.  Magnetic field at helicon = 0.225T. 
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Heat Flux density for M2 current scan 8-7-06            
700sccm Ar 5sec pulses. ~5kW.  M1=300A, M3=1600A, M2 varying
shot 17 (M1=300A, M2=600A, M3=1600A) heat flux (W/cm2)
 
shot 16 (M1=300A, M2=500A, M3=1600A) heat flux (W/cm2)
 
shot 15 (M1=300A, M2=400A, M3=1600A) heat flux (W/cm2)
 
shot 14 (M1=300A, M2=300A, M3=1600A) heat flux (W/cm2)
 
shot 13 (M1=300A, M2=200A, M3=1600A) heat flux (W/cm2)
 
shot 12 (M1=300A, M2=100A, M3=1600A) heat flux(W/cm2)
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Figure A.16.   Magnet 2 current scan heat flux maps at low power 
(approximately 5kW) 
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Heat Flux density for M2 current scan 8-9-06            
700sccm Ar 5sec pulses. ~10kW.  M1=300A, M3=1600A, M2 varying
shot 8 (M1=300A, M2=600A, M3=1600A) heat flux (W/cm2)
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Figure A.17.   Magnet 2 current scan heat flux maps at high power 
(approximately 10kW) 
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Figure A.18.   Magnet 2 current scan heat flux maps for high power neon 
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Figure A.19.   Gas flow rate scan heat flux maps for 11kW argon 
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Figure A.20.   Gas flow rate scan heat flux maps for 11kW argon 
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 Figure A.21.  Heat flux maps for argon power scan 
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Figure A.22.  Heat flux maps for neon power scan 
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Figure A.23.   Magnet 1 current scan heat flux maps for 5kW argon 
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Figure A.24.   Heat flux maps for magnetic field magnitude scan for argon 
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Figure A.25.   Heat flux maps for magnetic mirror ratio scan for argon 
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Figure A.26.   Total power into tube as % of input RF power vs. Magnet 1 
current.  Symbols show IR camera measured data. Line shows 
diffusion calculation 
Figure A.27.   Total power into tube as % of input RF power vs. magnetic 
mirror ratio.  Symbols show IR camera measured data. Line 
shows diffusion calculation 
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Figure A.28.   Total power into tube as % of input RF power vs. Magnetic 
field at helicon for B field magnitude scan.  Symbols show 
IR camera measured data. Line shows diffusion calculation 
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Appendix B. – Etch/Deposition Experiments Data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table B.I Quartz coupon deposition experimental results 
 
 sample 
# z (cm) 
max. measured 
deposition (nm) 
min. measured 
deposition (nm) 
mean 
deposition (nm) 
plus/minus 
(nm) 
1 0 792 750 771 21 
2 1 642 900 771 129 
3 1.9 750 650 700 50 
4 7.4 94 101 98 4 
5 8.1 65 60 63 3 
6 9.2 78 67 73 56 
7 13 40 44 42 2 
8 14 40 30 35 5 
9 14.9 35 38 36.5 2 
10 17.4 31 28 29.5 2 
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Figure B.1 Profilometer data for etch/deposition experiment with quartz coupons. 
Sample 1 
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Figure B.2 Profilometer data for etch/deposition experiment with quartz coupons. 
Sample 2 
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Figure B.3 Profilometer data for etch/deposition experiment with quartz coupons. 
Sample 3 
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Figure B.4 Profilometer data for etch/deposition experiment with quartz coupons. 
Sample 4 
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Figure B.5 Profilometer data for etch/deposition experiment with quartz coupons. 
Sample 5 (no 3D data for this sample) 
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Figure B.6 Profilometer data for etch/deposition experiment with quartz coupons. 
Sample 6 
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Figure B.7 Profilometer data for etch/deposition experiment with quartz coupons. 
Sample 7 
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Figure B.8 Profilometer data for etch/deposition experiment with quartz coupons. 
Sample8.  The 3D data shown here is from a different corner of the 
mask than the 2D data.  In the 3D location, the mask was observed 
peeling away slightly from the quartz. 
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Figure B.9 Profilometer data for etch/deposition experiment with quartz coupons. 
Sample 9 
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Figure B.10 Profilometer data for etch/deposition experiment with quartz coupons. 
Sample 10 
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Figure B.11 Profilometer data for glass tube etch experiment. Sample 1 
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Figure B.12 Profilometer data for glass tube etch experiment. Sample 2 
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Figure B.13 Profilometer data for glass tube etch experiment. Sample 3 
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Figure B.14 Profilometer data for glass tube etch experiment. Sample 4 
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Figure B.15 Profilometer data for glass tube etch experiment. Sample 5 
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Figure B.16 Profilometer data for glass tube etch experiment. Sample 7 
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Figure B.17 Profilometer data for glass tube etch experiment. Sample 8 
 167 
 
 
 
 
 
 
 
 
Figure B.18 Profilometer data for glass tube etch experiment. Sample 10 
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Figure B.19 Profilometer data for glass tube etch experiment. Sample 11 
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Figure B.20 Profilometer data for glass tube etch experiment. Sample 12 
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Figure B.21 Profilometer data for glass tube etch experiment. Sample 13 
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Figure B.22 Profilometer data for glass tube etch experiment. Sample 14 
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Figure B.23 Profilometer data for glass tube etch experiment. Sample 15 
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Figure B.24 Profilometer data for glass tube etch experiment. Sample 16 
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Figure B.25 Profilometer data for glass tube etch experiment. Sample 17 
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Figure B.26 Profilometer data for glass tube etch experiment. Sample 18 
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Figure B.27 Profilometer data for glass tube etch experiment. Sample 19 
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Figure B.28 Profilometer data for glass tube etch experiment. Sample 20 
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Figure B.29 Profilometer data for glass tube etch experiment. Sample 21 
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Figure B.30 Profilometer data for glass tube etch experiment. Sample 22 
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Figure B.31 Profilometer data for glass tube etch experiment. Sample 23 
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